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FOREWORD 
Th i s  f i n a l  r e p o r t  on t h e  Phase A l e v e l  e f f o r t  f o r  a 
f e a s i b i l i t y  s t u d y  o f  a  Pressure-Fed B o o s t e r  eng ine  h a s  been 
p repa red  f o r  t h e  NASA-Marshal: Space F l i g h t  Cen te r .  Design 
and sys tem c o n s i d e r a t i o n s  have provided  an eng ine  concep t  
s e l e c t i o n  f o r  f u r t h e r  p r e l i m i n a r y  d e s i g n  and program eva lua-  
t l o n  d u r i n g  t h e  Phase B l e v e l  o f  t h e  s t u d y .  T h i s  d a t a  h a s  
been been p repa red  i n  compliance w i t h  Data Requirement MA-Oh 
of  t h e  Con t r ac t  N f i  8-28217 f o r  a F e a s i b i l i t y  S tudy  o f  a  
p re s su re - f  ed eng ine  f o r  a Water Recoverable  Space S h u t t l e  
Boos t e r .  
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Sea Water 
Crevice Corrosion of S t a i n l e s s  S t e e 1  i n  Quiescent Sea 
Water (Key West, Flor ida)  
Removal of Chloride S a l t s  by Soaking i n  Water a t  7 5 ' ~  
(She l l  and Tube S t a i n l e s s  S t e e l  Heat Exchanger 
INTRODUCTION 
The f e a s i b i l i t y  o f  a pressure-fed p ropu l s ion  system for t h e  f i r s t  s t a g e  
b o o s t e r  o f  t h e  Space S h u t t l e  Vehicle  has  been under i n v e s t i g a t i o n  by t h e  
Na t iona l  Aeronautics  and Space Adminis t ra t ion  through con t rac ted  a i r f rame  
v e h i c l e  and propuls ion  s t u d i e s .  Th,? P r e s s u r e  Fed Booster  concept has been 
i d e n t i f i e d  as a c o s t  e f f e c t i v e  and a r e l i a b l e  approach when combined w i t h  t h e  
less complex water  recovery approach t o  a r eusab le  v e h i c l e .  The fewer compo- 
n e n t s  of t h e  p r e s s u r e  f e d  propuls ion  system minimizes o p e r a t i o n a l  r e c y c l e  
checkout and mainrenance. 
This  propuls ion  s t u d y  conducted under NASA-MSFC Con tract NAS 8-28217 
will provide  concept s e l e c t i o n  and p re l iminary  des ign  d e f i n i t i o n  of a p r e s s u r e  
fed  engine t o  b e n e f i t  t h e  eva lua t ion  of t h e  b o o s t e r  by t h e  v e h i c l e  s tudy 
c o n t r a c t o r s  and t h e  NASA. I n  a d d i t i o n ,  program d a t a  w i l l  be genera ted  dur ing  
t h e  Phase B l e v e l  of t h e  s tudy  t o  determine program schedule  and c o s t  e s t i m a t e s  
f o r  each element of t h e  t o t a l  Space S h u t t l e  Vehicle  program from development 
through product ion ,  f l i g h t ,  and ground opera t ions .  
The Phase A level of t h e  engine  s t u d y  c o n t r a c t  covers  t h e  pe r iod  of 
1 December 1971 through 1 0  January 1972 as shown by t h e  P r e s s u r e  Fed Engine 
Study Task Schedule i n  Figure  1-1 and t h e  PFE Study Milepos ts  and Data 
Requirements Schedule i n  Figure  1-2. This  r e p o r t  provides  t h e  F i n a l  Report 
f o r  t h e  Phase A e f f o r t  and documents t h e  ana lyses  and t r a d e o f f  s t u d i e s  
conducted which have iden t i f i ec i  a selected engine concept f o r  f u r t h e r  des ign  
d e f i n i t i o n  i n  t h e  Phase B level of s tudy.  
A. OBJECTIVES 
The Pressure  Fed Engine is c h a r a c t e r i z e d  as a propuls ion  concept 
w i t h  few primary components, P ressur ized  p r o p e l l a n t s  from t h e  v e h i c l e  tanks  
a r e  t r a n s m i t t e d  t o  t h e  engine  through t h e  p r o p e l l e n t  feed  l i n e s  a t  t h e  pres- 
s u r e  l e v e l  r equ i red  t o  provide  t h e  d e s i r e d  o p e r a t i n g  p r e s s u r e  i n  t h e  
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combustion chamber. The engine primary components a r e  p r o p e l l a c t  c o n t r o l s ,  
i n j e c t o r ,  i g n i t i o n  source ,  combustion chamber/nozz le ,  and t!;r , s t  v e c t o r  c o n t r o l  
system. P r o p e l l a n t  s e l e c t i o n  is  a l s o  a key s t e p  i n  t h e  i d e n t i f i c a t i o n  of t h e  
P r e s s u r e  Fed Engine concept .  
The o b j e c t i v e  of t h e  Phase A e f f o r t  of the s tudy  is t o  analyze  t h e  
requirements  of  t h e  P r e s s u r e  Fed Engine, determine t h e  key i n t e r r e l a t i o n s h i p s  
of t h e  engine w i t h  t h e  v e h i c l e ,  e v a l u a t e  t h e  unique requi rements  t o r  water  
recovery and reuse ,  and s e l e c t  t h e  concepts  f o r  f u r t h e r  e v a l u a t i o n  i n  Phase B .  
Primary c o n s i d e r a t i o n s  i n  t h e  conzept se lec t i .on  a r e :  
- Design S i m p l i c i t y  
- Minima. > p e r a t  i o n a l  Requirements 
- Low Risk Development 
- I'inimum Program Cost 
- Vehicle ~ e r f o r m a n c e / I n  t e r f a c e s  
B . APPROACH 
The P r e s s u r e  Fed Engine e v a l u a t i o n  has  been conducted throughout 
t h e  b r i e f  Phase A l e v e l  w i t h  t h r e e  p a r a l l e l  a c t i v i t i e s  as shown i n  Figure  1-1. 
The Task I - Booster  Vehicle  Coordinat ion provided t h e  primary v e h i c l e  i n f l u -  
ence parameters  on t h e  engine  a s  w e l l  as s e r v i n g  t o  provide  p ropu l s ion  suppor t  
f o r  t h e  a i r f r a m e  c o n t r a c t o r s  Phase B s t u d i e s .  Eva lua t ion  of  t h e  P r e s s u r e  Fed 
Zngine was conducted wi th  p a r a l l e l  component and system ana lyses  (Tasks 11 and 
111) . Mul t ip le  concepts  were considered  f o r  each component/function and were 
analyzed and screeqed t o  determine t h o s e  most a p p l i c a b l e  t o  t h e  unique require- 
ments of t h e  PFE. Those concepts  chosen were then analyzed i n  more d e t a i l  t o  
s e l e c t  t h e  engine concept .  The component t r a d e o f f s  and ana lyses  conducted a r e  
d i scussed  i n  d e t a i l  f o r  each component i n  S e c t i o n s  I V  and t h e  system consider-  
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Figure 1-2 . 
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PRESSURE-FED ENGINE CONCEPT 
A. ENGINE DESCRIPTION 
The Pressure-Fed Booster engine consis ts of th rus t  chamber valves, 
in j ec to r ,  combus t ion chamber/noszle, thrus t  vector  control  system, thrus t  mount 
and engine cont ro l le r .  The engine design t rade s tudies  conducted during the 
Phase A l eve l  of the contract  have indicated se lec ted  concepts f o r  each of the  
major ~omponents should be evaluated i n  more depth i n  the Phese B l eve l  engine 
preliminary design. The propel lant  selected f o r  tne engine is l iqu id  oxygen 
and RP-1 fue l  based upon the development maturity of the RP-1 f u e l  over the 
l imited experience with propane. 
The engine u t i l i z e s  a regeneratively cooled combustion chamber and 
nozzle i n  conjunction with a aulti-element impinging stream i n j e c t o r  t o  provide 
high performance consis t en t  with demonstrated experience. Dual f u e l  and oxi- 
dizer  valves a r e  used t o  control  the propellant flows during start, shutdown, 
t h r o t t l i n g  and mixture r a t i o  cont ro l  f o r  propel lant  u t i l i z a t i c n  ( i f  required). 
This multiple valve arrangement minimizes the required s e a l  s i z e  and improves 
propellant d i s t r ibu t ion  t o  the th rus t  chamber i n j e c t o r  and combustion chaznber. 
The fue l  valves are located upstream of the  chamber corLant jacket t o  preclude 
loss  of f u e l  and reduce f i r e  hazard i n  the evc2t an engine must shutdown 
because of a chamber leak. 
The engine concept shown i n  Figure 11-1 is mounted on a p a i r  of 
bearings located on a horizontal  ax i s  perpendicular t o  the engine thrus t  
center l ine  and passing close t o  the engine center  of gravity.  This method 
of hinging the engine a t  the engine center  of gravi ty was selected t o  minimize 
the influence of water impact transverse loads,  reduce engine length,  and 
improve vehiclelengine packaging. This hinged approach provides a s ign i f i can t  
s impl i f ica t ion  of the propellant feed l i n e  system s ince  sta:e-of-the-art 
restrained bellows j o i n t s  are used t o  provide the s ing le  plane engine th rus t  
vector control.  
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The concept is r ead i ly  adaptable to  regenerat ively  cooled chambers 
using both double pass flow c i r c u i t s  i n  which the  f u e l  is introduced a t  the 
engine head en3 pass-and-c-half flow c i r c u i t s  with the  f u e l  introduced down- 
stream of the  t h roa t ,  o r  single-pass cooling with the  f u e l  en t e r ing  the  jacke t  
a t  t he  nozzle e x i t .  The pass-and-a-half provides the  minimum envelope design. 
An e l e c t r o n i c  c o n t r o l l e r  and the  assoc ia ted  ins t rumentat ion is  
provided t o  cont ro l  s t a r t ,  shutdown, t h r o t t l i n g ,  and mixture r a t i o  excursions.  
A summary of the  prel iminary engine s i z i n g  and s p e c i f i c a t i o n s  and the  pressure  
schedules are summarized i n  Tables 11-1 and 11-11, respect ively .  
The cur ren t  press t re-fed engine design a ~ d  t r adeo f f s  consider  the  
NASA design requirements a r e  summarized i n  Table 11-111. 
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B. ENGIFE PERFORMANCE 
The nominal and minimum engine performance valuen are presented i n  
Table 1 1 - I V .  These values a r e  based on the  cu r r en t  chamber length of 50 inches 
and cont rac t ion  r a t i o  of 1.8. Future anaiyses w i l l  eva lua te  s p e c i f i c  i n j e c t o r  
and combus t i on  chamber designs and updated engine/vehicle  tradeof f f a c t o r s  
using the  evaluat ion methods presented i n  Appendix B and discussed i n  Section 
111. The cur ren t  es t imate  of nominal engine sea l e v e l  s p e c i f i c  impuls,: i s  
92.1% of  t h e o r e t i c a l  f o r  the  regenerat ively  cooled design. This represen ts  a 
C* performance of 96.3% and a sea  level Cf performance of  95.6% of t heo re t i ca l .  
The s e l e c t e d  base l ine  engine w a s  evaluated on a mission b a s i s  by 
perfarming engine/vehicle tradeof f s t u d i e s  u t i l i z i n g  veh ic l e  exchange r a t i o s .  
Unfortunately, only one veh ic le  cont rac tor  (Bueing) w a s  a b l e  t o  supply a corn- 
p l e t e  set of exchange r a t i o s  i n  t i m e  f o r  t h i s  repor t .  Therefore, performance 
gains i d e n t i f i e d  by the  t radeoff  s t t d i e s  were considered as growth p o t e n t i a l  
u n t i l  more veh ic le  cont rac tor  exchange r a t i o s  are ava i lab le .  The e-nalysis  
d id  i n d i c a t e  t h a t  t h e  majcr p o t e n t i a l  gains were r e l a t s d  t o  engin- s p e c i f i c  
impulse assoc ia ted  wi th  an increase  i n  chamber length (30 i n .  t o  80 in . )  and 
a decrease i n  thrust /element (1000 t o  250 l b )  . 
A d e t a i l e d  discuss ion of the  b a s i c  performance da t a  ( including 
some of the  veh ic le  t r adeo f f )  is p ~ e s e n t e d  i n  Appendix B. A complete d i s -  
cussion af t he  e ~ g i n ~ / v e h i c l e  t radeoff  are discussed i n  Sect ion IV,A.  Grow*? 
p o t e n t i a l  is summarized i n  Section V,F. 
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C. ENGINE WEIGHT LW ENVELilPE 
Weight and envelope da ta  f o r  the baseline engine are  presented i n  
Table 11-'J. 
The thrust  chamber throat  areas were derived using the 'J* and I 
S 
values discutsed i n  the performance sec t ion  of t h i s  report .  A contraction 
r a t i o  of 1.0 and chamber length of 50-in. (L* 2 90 in.)  were se lec ted  based 
on prec-icls LOX/RP-1 experience and the analysis  presented i n  Section 111. 
These i n i t i a l  seleczions e f f e c t  the i n j e c t o r  face-to-plenum pressure loss ,  
the engine performaace, and the thrus t  chamber weight and s ize .  The inter- 
actions of these e f f e c t s  . - i th  vehicle performance were considered using 
enginelvehicle exchange r a t i o s  shown i n  Table 11, Appendix A, but rhey have 
not yet been f u l l y  optimized. 
Engine component weights were aerivad by applying geometric seal- 
ing relat ionships t o  ac tua l  weights of components w e d  on previous engines 
(Titan, M-1, e tc . )  and a re  przsented i n  Appendix A. G i m b a l  ac tua tor  and pro- 
pe l lan t  i n l e t  l i n e  weights a r e  included. 
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PRELIMINARY ENGINE SIZING AM) SPECIFICATIONS 
Thrust 
Sea Level, Nominal 
Vacuum, Nominal 
Specif ic  Impulse 
Sea Level, Nominal 









Length, in .  
Outside d ia ,  in .  
Dry Weight, 1b 
Wet Weight, l b  
Combus t ion  Chamber 
Pressure, psia 
Char. Velocity C* 
Length, in .  
Contract ion Ratio 
Throat Area, sq. in .  
Throat Diameter, in .  
Dry Weight, l b  
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Thrust Chamber Zu'ozzle 
Area !?atio 
Percent Be l l  
Length, i n .  
Ineide  d i a ,  i n .  
D r y  Weight, l b  
I n j e c t o r  
Ins ide  d i a ,  j.a. 
Length, i r ~ .  
D r y  Weight, l b  
Main Fuel Valve 
D r y  Weight, l b  
k i n  Ox Valve 
D r y  Weight, l b  
Propel lant  Lines 
D r y  Weight, l b  
Secondary Fluid  I n j e c t i o n  
Angle 
Spec i f i c  Impulse 
D r y  Weight, l b  
Gimbal o r  Hinge Bearings 
Length, in .  
D r y  Weight, lb 
G i m b a l  Actuator System 
Angle 
D r y  Weight, l b  
Miscellaneous 
Dry Weight , l b  
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BASELINE ENGINE PRESSURE SCHEDLZE 
Press:lre, p s i  





Regen. Chamber Inlet 
AP Regen. Chamber 
Injector Inlet 
AP Injector 
Chamber Pressure, Face 




















TCA DESIGN RANGE 
(NASA PRESSURE-FED BOOSTER ENGINE) 
Thrust ( l b  f )  
lb-sec I (SL) lb s 
Propel lants  
Number of TCA' s 
Duration (secmds) 
TCA Control 
Thrust Vector Control (degrees) 
Maximum Dynamic Pressure (PSF) 
Maximum Acceleration (G) 
L i f to f f  Thrust!Veight (G) 
Service Free Duration (hours) 
Storable  L i fe  (years) 
Recovery 
Number of Reuses 
R e l i a b i l i t y  
Operational Design 
= 90% Theoretical  (minimum) 
( s h i f t i n g  with k i n e t i c  losses)  
= LOX/RPI and LOX/C3H8 
= Multiple 
= %I50 
= Shutdown o r  Modulation ( ~ 7 5 %  F ) 
max 
= 3 t o  16 
= 650 
= 3.0 
= 1.2 t o  1.3 
= 24 
= 8 
= Ocean Impact (%I50 FPS) 
= 20 t o  100 
= Probabi l i ty  of Functioning 0.99 
Probabi l i ty  of Fa i lure  0.0001 
= F a i l  Safe 
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DESIGN POINT SUMMARY 
OPERATING CONDITIONS 
Chamber Length, in .  
Contraction Ratio 
Nozzle, % of Minimum Rao 
Area Ratio 
Mixture Ratio 
Chamber Pressure, ps i a  
In jec to r  
In jec to r  Pressure Drop 
11. PERFORMANCE LOSSES 
A. Energy Release Loss, sec 
B. Mixture Ratio Distr ibut ion Loss, s e c  
C. Boundary Layer Loss, sec  
D. Divergence Loss, sec  
E. Kinetic Loss, sec  
F. Film Cooling Loss, sec 
Sum of Losses, s e c  
111. THEORETICAL PERFORMANCE 
I = 
s ODE 
IV . DELIVERED PERFOkMANCE (Nominal) 
A. V a c u m I  = I  - CLosses = 
8 8 ODE 
P A 
s e 3. Sea Level I = Vacuum I - -









1000 F/el  quad. 
0.15 P 
C 
V. DELIVERED PElXE'OWCE (minimum) 
A. Vacuum1 
8 
Be Sea L e v e l  Is 
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TABLE 11-V 
CURRENT ENGINE WEIGHT AND ENVELOPE 
Combust ion Chamber 



















































































































































































































































































































































































































































VI:IIICLE/ENGINE -- - INTERACTION - STUDIES 
11. GENERAL CONSIDERATIONS 
A number of veh ic le leng ine  i n t e r a c t i o n  s t u d i e s  w e r e  conducted dur- 
i n g  Phase A t o  i n s u r e  t h a t  t h e  b a s e l i n e  engine  be ing  eva lua ted  was t h e  b e s t  f o r  
t h e  v e h i c l e .  These t r a d e o f f s  were accomplished bv varying c r i t i c a l  parameters  
on the  b a s e l i n e  engine and a s s e s s i n g  t h e  change t h a t  occurred i n  terms of  
s p e c i f i c  impulse, engine weight ,  engine  p r o p e l l a n t  i n l e t  p r e s s u r e ,  and/or  
engine envelope v a r i a t i o n s .  These v a r i a t i o n s  were then t r a n s l a t e d  i n t o  a  
change i n  v e h i c l e  g ross  l i f t o f f  weight  by u t i l i z i n g  v e h i c l e  exchaage r a t i o s  
( t a b u l a t e d  i n  Table 111-1 ) t h a t  were ob ta ined  from t h e  v e h i c l e  c o n t r a c t o r s .  
me t e  rs A p l o t  of t h e  g ross  l i f t o f f  weight a s  a  f u n c t i o n  of t h e  cr i t ica l  para., 
y i e lded  t h e  va lue  b z s t  f o r  t h e  v e h i c l e  (minimum gross  l i f t o f f  weight) .  
Appl ica t ion  of t h i s  type  t r adeof  f  was accomplished t o  determine 
(1) t h e  method of combustion chamber and nozz le  coo l ing ,  (2)  t h e  combustion 
chamber c o n t r a c t i o n  area r a t i o ,  (3) t h e  nozz le  a r e a  r a t i o  and contour  l e n g t h ,  
( 4 )  i n j e c t o r  p r e s s u r e  drop,  ( ' )  combustion chamber l e n g t h  and t h r u s t  p e r  ele- 
ment f o r  t h e  i n j e c t o r ,  and (6) l i n e  and va lve  p ressure  drops. One problem 
a s s o c i a t e d  wi th  t h i s  type of  s tudy  is t h e  accuracy of  t h e  v e h i c l e  exchange 
r a t i o s  s i n c e  t h e  va lues  obta ined from the  v e h i c l e  c o n t r a c t o r s  v a r i e d  a s  they 
proceeded wi th  t h e i r  s t u d i e s .  This  is shown i n  Table 111-1 by t h e  d i f f e r e n c e  
between p r e s e n t  v e h i c l e  exchange r a t i o s  and those  used i n  t h e  t r a d e o f f  s t u d i e s .  
In  a d d i t i o n ,  a l i n e a r  v a r i a t i o n  of t h e  exchange r a t i o  was assumed t o  be v a l i d  
over  t h e  range of parameter v a r i a t i o n s  when i n  f a c t  t h e  exchange r a t i o  i s  
nonl inear .  However, t h e  op t imiza t ions  made wi th  t h e  exchange r a t i o s  provide  
the  only r e a l i s t i c  method of de termining va lues  f o r  t h e  c r i t i c a l  engine param- 
e t e r s  t h a t  r e s u l t  i n  t h e  b e s t  v e h i c l e  system. 
Before t h e  t r a d e o f f  s t u d i e s  could be  i n i t i a t e d ,  i t  was necessary  
t o  e s t a b l i s h  nominal engine des ign  c r i t e r i a  t o  provide a c o m p a r i s o ~ ~  b a s i s .  
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These c r i t e r i a  a r e  p resen ted  i n  Table 111-11 f o r  a l l  c r i t i c a l  engine  des ign  
parameters .  Based on v e h i c l e  c o n t r a c t o r  o p t i m i z a t i o n s ,  t h r u s t ,  chamber p r t s -  
-6 
s u r e ,  and mixtu-e r a t i o  were s e l e c t e d  a t  1.2 x 1 0  l b ,  250 p s i a ,  and 2.6 
(RP-l), r e s p e c t i v e l y ,  and d i d  n o t  vary  dur ing  most of the  t r a d e o f f  s t u d i e s .  
These parameters  were allowed t o  vary for t h e  parametr ic  d a t a  d i scussed  i n  
Appendix A. 
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B .  COMBUSTION CHAMBER AND NOZZLE COOLING METHOD 
l larly i n  t h e  s t u d y ,  h e a t  t r a n s f e r  s t u d i e s  i n d i c a t e d  t h a t  a f u l l v  
r egenera t ive  cooled cor,~bus t i o n  chamber and nozzle  was f e a s i b l e  wi th  RP-1 and  
poss ib ly  wi th  propane. This informat ion  ar_d tile f a c t  t h a t  the  v e h i c l e  is very 
s e n s i t i v e  t o  performance (80,000 l b  of  GLOW f o r  each second of vacuum s p e c i f i c  
impulse f o r  the  Boeirlg v e h i c l e )  i n d i c a t e d  t h a t  a  t radeof  f  between r e g e n e r a t i v e  
coo l ing  and duc t  f i l m  c o o l i r  ... should be accomplished. To accomplish t h e  
tradeor 'f  , t h e  v a r i a t i o n  i n  weight ,  p ressure  schedule ,  and performance f o r  t h e  
engine was determined f o r  both  methods o f  cool ing .  
An a n a l y s i s  of t h e  combustion chamber and nozzle  weight f o r  both 
coo l ing  methods i n d i c a t e d  t h a t  t h e r e  was very l i t t l e  d i f f e r e n c e  i n  weight s ince  
s t r u c t u r a l  des ign  c o n s i d e r a t i o n s  f o r  t h e  over  expansion i n  t h e  nozzle  and water  
impact loads  (up t o  20 g ' s )  were more c r i t i c a l .  
The amount of  f i l m  coo l ing  requ i red  t o  cool  the  flzsign p o i n t  engine 
6 (fSL = 1.2 x 10 l b ,  L '  = 50 i n . )  is shown i n  Figure 111-1. To avo id  prob- 
lems a s s o c i a t e d  wi th  two-phase flow, i t  is  necessary  t o  o p e r a t e  t o  t h e  r i g h t  
of the  phase l i m i t  l i n e  shown i n  t h e  f i g u r e .  I n  a d d i t i o n ,  s s a f e t y  margin a s  
shown was a l s o  a p p l i e d  and r e s u l t e d  i n  approximately 7.5% of  the  RP-1 flow 
requi red  f o r  duct  f i l ~  coo l ing  f o r  t h e  des ign  po in t .  The performance l o r s  
a s s o c i a t e d  with the  f i l m  coo l ing  is  presen ted  i n  Figure  which i n d i c a t e s  i 
t h a t  7.5% f i l m  coo l ing  w i l l  r e s u l t  i n  a  perfo:mance l o s s  o f  7.7 s e c  i n  s p e c i f i c  
-.. 
impulse. A more d e t a i l e d  d*.scussion of  t h e  f i l m  c o o l i n g  flow r a t e  and t h e  f i lm $ 
? 
cool ing  performance l o s s  is presented  i n  e c t i o n  IV,A and Appendix B ,  
r e s p e c t i v e l y .  
The p ressure  drop of a r e g e n e r a t i v e l y  cooled chamber i s  a p c n ~ l t y  
a s  compared t o  a duct-cooled engine  s i n c e  a h i g h e r  f u e l  tank p ressure  is 
r e q l ~ i r e d  t o  supply t h e  engine. The results of a  r egenera t ive  f i l m  c o o l i n g  
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s tudy a r e  shown i n  Figure 111-3. The b a s e l i n e  design r e q u i r e s  230 t u t l e s  wi th  
a wa l l  th ickness  of  0.036 i x .  Using these  d a t a  wi th  Figure 111-3 r e s u l t s  i n  
a coolant  v e l o c i t y  of  46 f t / s e e  2nd a r e s a l t a n t  p r e s s u r e  drop of  46 p s i .  T h i s  
p ressure  drop inc ludes  t h e  l o s s e s  a s s o c i a t e d  with ea t rnnce  and e x i t  ma~i i fo ld ing.  
A f u r t h e r  d i scuss ion  of t h e  L h s i s  f o r  t h e  d a t a  shown i n  F i g u r e  111-3 is prc- 
sen ted  i n  Sec t ion  IV,A. 
The r e s u l t s  of t h e  t r adeof f  between t h e  two coo ling methods i s  
presented  i n  Table 111-111. A s  shown, t h e  regenera t ive  coo l ing  approach h a s  , 
a s i g n i f i c a n t  advantage ovs r  duct  f i l m  coo l ing  f o r  both t h e  Boeing and Convair 
v e h i c l e s .  Therefore ,  remaining s t u d i e s  dur ing  Phase A were concent ra ted  oil an 
RP-1 r e g e n e r a t i v e  cooled combustion chamber and nozzle .  
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C. COMRUSTIOPI Q ~ E R  CONTRACTION A R M  RATIO 
S e l e c t i o n  of t h e  optimum combus t i o n  chamber c o n t r a c t  i o n  ilccla r a t  i t ,  
is  the  r e s u l t  of t r a d i n g  o f f  combustion chamber p ressure  drop ve r sus  engine  
weight.  This  t r adeof f  w a s  accomplished t o  i n s u r e  t h a t  t h e  b a s e l i n e  engine  
(pre l iminary  s e l e c t i o n  o f  1.3 c o n t r a c t i o n  r a t i o )  was nea r  optimum f o r  the  
concept s e l e c t i o n  i n v e s t i g a t i o n s .  
=c! weight o f  t h e  engine  i n c r e a s e s  (p r imar i ly  i n j e c t o r  and com- 
b u s t i o n  chamber changes) as t h e  c o n t r a c t i o n  r a t i o  i n c r e a s e s  as sllown i l l  
Figure 111-4 f o r  t h e  b a s e l i n e  engine. These weight changes were ob ta ined  
from t h e  s c a l i n g  r e l a t i o n s h i p s  as d i scussed  i n  Sect ion  II ,C . 
A combustion chamber p rebsure  drop occc6.s when combustion t akes  
1 
place  a t  g r e a t e r  than zero v e l o c i t y  (Raleigh Line Loss), Tile loss incrpnsc:-;. 
exponen t i a l ly  a s  t h e  v e l o c i t y  is increased.  The v a r i a t i o n  of t h i s  l o s s  as ;1 i 
func t ion  o f  c o n t r a c t i o n  area r a t i o  is shown i n  Figure 111-5 . Tlris  curve was 
obta ined  by s o l v i n g  t h e  Raleigh l i n e  equa t ions  as presented  i n  Cumprcssible 
i- 
Fluid  Flow by S h i p i r o  w i t h  a s p e c i f i c  h e a t  r a t i o  of 1.13. C o r r e l a t i o n  between 
t h e  t h e o r e t i c a l  and the  F-1 engine  which h a s  a c o n t r a c t i o n  a r e a  r a t i o  of 1.3 
I 
and similar combustion chamber geometry is also shown i n  t h e  f igure .  As sllorrn, 1 
t h e  a c t u a l  p r e s s u r e  l o s s  is s l i g h t l y  lower than  t h e  t h e o r e t i c a l .  l l l e r c f o r c ,  i 
i 
t h e  t h e o r e t i c a l  curve w a s  decreased 13% to  co inc ide  wi th  t h e  F-1 d ~ t a  p o i n t .  
The p r e s s u r e  drop a s  r ep resen ted  by t h e  a d j u s t e d  c u r - ~ e  is t h e  decrease  between ti l t* 
i n j e c t o r  face and t h e  combustion chamber plenum pressure .  To maintain an 
engine t h a t  is s i m i l a r  fram 3 s t a b i l i t y  s t a n d p o ~ n t ,  t h e  ratio o f  t h e  i n j e c t o r  
faze p ressure  t o  p r o p e l l a n t  supply p r e s s u r e  was maintained cons tan t .  Tllc 
v a r i a t i o n  i n  i n l e t  p r e s s u r e  t h a t  occurs  is shown i n  Figure 111-6 . 
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The r e su l t s  of the f i n a l  trzdeoff  is shown i n  Vigurr X i  I- for  
both tne Roeing and Convair vehic les .  The exchange r a t i o s  that were ~l<:tbd c1t-c. 
a l so  shown i n  the f igure.  The optimum contraction r2':io varies  dependi tig OII 
which vehic le  contraction i s  s e l ec t ed .  A contractiorl ra t i o  of 1 . S  was . : c1 l tXc t t . t i  
s ince  t h i s  was best  for  the Convair vehic le  and rest11 t e d  i n  only :1 sl igllt: 
penal ty  t o  the Boeing vehic le .  
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D. NOZZLE AREA RATIO AND CONTOUR LENGTH 
A s  shown i n  t h e  concept screening s tudy conducted for  the  nozzle,  
a contoured nozzle (Rao type) was s e l e c t e d  f o r  the  base l ine  engine 
s jnce  the  divergence lo s se s  assoc ia ted  wi th  a conica l  nozzle r e s u l t  i n  a 
s i g n i f i c a n t  penalty.  However, f o r  any given nozzle a r ea  r a t i o ,  t he  nozzle  
contour can be modified t o  provide a s h o r t e r  o r  longer nozzle.  As t h e  nozzle 
is lengthened, the  divctrgeilce l o s se s  are reduced. However, t he  engine length 
grid associa ted aozzle  weight are increased.  As t h e  nozzle area r a t i o  is 
increased,  vacuum performance is increased,  sea  leve l  performance is decreased 
because of t h e  overexpansion in t h e  nozzle,  and the  engine weight and le-gth 
are increased.  A t radeoff  study of  t hese  v a r i a b l e s  w a s  conducted t o  determine 
both the best  nozzle area r a t i o  and t h e  bes t  contour length cons i s ten t  with 
t h i s  a rea  ratio. 
The v a r i a t i o n  of nozzle  divergence loss and nozzle  length normnl- 
ized t o  t h e  t h r o a t  rad ius  wi th  nozzle  a r z a  r a t i o  and contour length is shown 
i n  Figure 111-8 . The contour length is presented as a percentage of t h e  
length of a 3.5" half-angle conica l  nozzle.  This v a r i a t i o n  i n  nozzle  divergence 
l o s s  w a s  used t o  obtain a vacuw 2erformance d e l t a  f o r  the f i n a l  trade~ff. 
The v a r i a t i o n  of engine weight wi th  nozzle area r a t i o  and contour 
iength is shown i n  Figure 111-9 . These d a t a  were obtained by s c a l i n g  the  
nozzle weights as discussed i n  Sect ion I I , C  wi th  t he  length d e l t a s  obtained 
from Figure 111-8 . 
I n  addi t ion  t o  a penalty wi th  engine length ( longer  veh ic le  shroud),  
a penalty is a l so  obtained because of t h e  nozzle diameter increase  with a rea  
r a t i o  ( larger  diameter shroud). T h i s  change in dianteter for a sitiglc c-nginc* 
W;IS incre;~sed hv f ; ict  or of  th ree  since t h e  asst~mctl cngincs cl ust t*r oti t l i t*  
veil i t.1 c ( s i x  out si Jt' ;~ntl one cent  trr engine) r c B s u  l t c*d i n  tllrcw e~ig; i IWS i I C r t ) S S  
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t h e  v e h i c l e  base. The r e s u l t i n g  veh ic l e  diameters as a funct ion of nozzle 
a r ea  r a t i o  is shown i n  Figure 111-10. 
The va r i a t i on  i n  vacuum and sea l e v e l  perfolmance with nozzle a r ea  
r a t i o  and contot- ~ e n g t h  is shown i n  Figure 111-11 . Both values  a r e  important 
s ince  the  e f f e s .  ,,2 s p e c i f i c  impulse f o r  t h e  mission is a combination of t h e  
two (0.3 sea  l e v e l  and 0.7 vacuum w a s  s e l ec t ed  based on past  mission s t u d i e s ) .  
As shown i n  FigureT.11-11, t h e  sea legel perfnrmance decreases  as area r a t i ~  
is increased s ince  t h e  nozzle fs overexpanded ( e x i t  p ressure  is l e s s  than 
ambiert). Therefore, t h e  engine flow rate w a s  increased to  maintain a constant  
thrus?: l e v e l  f o r  a l l  values  of area r a t i o  which r e s u l t s  i n  an engine weight 
penalty.  
The r e s u l t s  of t h e  t radeoff  are shown i n  Figure 111-12 f o r  tile 
Boeing veh ic l e  exchange r a t i o s .  Other veh ic l e s  were not  evaluated s i n c e  
exchange r a t i o s  f o r  engine leng th  and diameter were n o t  ava i lab le .  As shown, 
the  optimum nozzle area r a t i o  occurs at  6.0 which was the  same as t h e  se lec ted  
design point .  A crossp lo t  of t h e  t radeof f  da t a  at  t he  se lec ted  a r ea  r a t i o  is 
shown i n  Figure 111-13. These d a t a  i n d i c a t e  t h a t  t he  contour length should be 
increased t o  80 o r  even 862 and is being considered as a perfornla~~ce growth 
p o t e n t i a l  p o s s i b i l i t y .  However, o t h e r  veh ic l e  exchange r a t i o s  must be evalu- 
a ted  before  a f i n a l  s e l e c t i o n  can be accomplished. 
The a b i l i t y  t o  ob ta in  vacuum performance from sea l eve l  t e s t i n g  is 
very des i rab le .  Since t h i s  c a p a b i l i t y  is very d i f f i c u l t  i f  not impossible t o  
achievs f o r  a separated nozzle,  an i nves t iga t ion  w a s  conducted t o  determine 
nozzle separat ion da t a  as a funct ion of t h r o t t l i n g  capab i l i t y .  F igureI I I -14  
presen ts  a summary of separa t ion  d a t a  po in t s  from a c t u a l  engine tests with 
conica l  nozzles.  Conical nozzle  d a t a  were se lec ted  t o  provide a conservat ive  
es t imate  of t h e  separat ion point  s i n c e  contoured nozzles  tend t o  s epa ra t e  a t  
higher a rea  r a t i o s .  A 30 envelope was determined from the  da t a  as shown i n  
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the figure.  This 3v envelope was the value selected fo r  the study t o  again 
p r o v i d e  a  conservative estimate f o r  separation. The variat ion of nozz it. r x i  t 
pressure with nozzle area r a t i o  is shown i n  Figure 111-15 as obtained Iron: t h c ~  
nozzle expansion program. A t  f u l l  t h rus t  the  chamber t o  ambient pressure 
r a t i o  is 17. Using Figure 111-14 r e s u l t s  in  a  separation nozzle e x i t  t o  
ambient pressure r a t i o  of 0.415 o r  an e x i t  pressure of 6.1 psia.  From 
Figure 111-15 the  separation area r a t i o  is 7.0 for  t h i s  e x i t  pressure. 
Therefore, the  nozzle at  an area  r a t i o  of 6.0 w i l l  not separate  when operated 
a t  sea leve l  a t  f u l l  thrus t .  However, separation w i l l  occur i f  t h e  engine is 
t h r o t t l e d  t o  too low of a pressure as shown i n  Figure 111-16. A t  about 85% 
t h r o t t l i n g ,  which is above the  70% t h r o t t l e  requirement presently used as the 
nominal fo r  the  basel i r  2 engine, the  probabi l i ty  is high f o r  nozzle separation. 
The area r a t i o  would have t o  be decreased t o  5.0 t o  maintain t h e  nozzle j.n a 
nonseparated condition a t  sea l e v e l  when operated at  70% th ro t t l ing .  This 
condition is of concern f o r  sea level test demonstration of t h r o t t l i n g  capa- 
b i l i t y  and performance. This p o s s i b i l i t y  w i l l  be fur ther  evaluated during 
Phase B of the program. 
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E. INJECTOR PRESSURE DROP 
Tota l  pressure  drop across  t h e  i n j e c t o r  elements is a combination 
of entrance and e x i t  l o s se s  ( f r i c t i o n  l o s s e s  are neg l ig ib l e ) .  Entrancc lo s sc s  
a r e  influenced by the  entrance geometry. A s tand pipe coni igura t  ion can s u f -  
f e r  up t o  a 70% l o s s  of t h e  ve loc i ty  head while a smooth, rounded entrance h a s  
a neg l ig ib l e  l o s s .  Because of t h e  ob jec t ive  t o  minimize pressure  drop in  t h c  
engine, entrances  i n t o  t h e  i n j e c t o r  elements w i l l  be rounded and smoothed by a 
machining operation.  The e x i t  l o s se s  f o r  t he  element r e s u l t  from the  sudden 
expansion t h a t  occurs as the  propel lant  is in j ec t ed  i n t o  t h e  combustion chamber 
and is not  a funct ion of element geometry. For t he  chamber geometry associ-  
a ted with the  base l ine  engine (combustion chamber contract ion area r a t i o  of 
1.8), a pressure l o s s  cons i s t en t  wi th  one v e l o c i t y  head w i l l  be incurred.  Tile 
v a r i a t i o n  of t h i s  p ressure  l o s s  with prope l lan t  ve loc i ty  is shown in  
Figure 111-17 f o r  each of t he  p rope l l an t s  under considerat ion.  In j ec t ion  
v e l o c i t i e s  of less than 40 f t / s e c  become undesirable  because of i n s u f f i c i c n t  
momentum t o  properly atomize the  propel lant  d rop le t s .  
The t radeoff  between i n j e c t o r  pressure  drop and perfor~~iance is 
complicated by the  t h r o t t l i n g  requirement. For t h e  base l ine  cngine, a 
t h r o t t l i n g  capab i l i t y  t o  70% of f u l l  t h r u s t  chamber pressure  (approximately 
60% of f u l l  sea l eve l  t h rus t )  is required.  A s  the  engine is th ro t t l ed ,  thc. 
pressure  drop across  t he  i n j e c t o r  decays. Figure 111-18 shows the  r e l a t i on -  
s h i p  between pressure  drop a t  t h e  70% t h r o t t l e  point  t o  t he  pressure  drop a t  
f u l l  t h r u s t .  For ins tance ,  a pressure  drop t o  chamber pressure  r a t i o  n l  0.1 
a t  t ne  70% t h r o t t l e  point  becomes 0.143 at  f u l l  t h r u s t .  
Performance is a l s o  a funct ion of t he  pressure  drop as tabulated 
i n  Figure 111-18 due t o  the  g r e a t e r  d rop le t  atomization t h a t  occQrs w i t h  
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111, E, I n j e c t o r  Pressure  Drop (cont.) 
The r e s u l t s  of t h e  t radeof f  between the  pressure  drop a t  f u l l  
t h r u s t  and t he  performance is a l s o  shown i n  Figure 111-18 f o r  t he  Boeinx 
vehicle .  As shown, ~ lu imum g ros s  l i f t o f f  weight occurs at a pressure  d r o p  t o  
chamber f ace  pressure  r a t i o  of 0.15 (pressure  drop of 4i psi)  . T l ~ i s  corrcs-  
ponds t o  0.1 at  t h e  10% thro:tle point .  The chamber face pressure  a t  702 of 
f u l l  chamber pressure  is 188 p s i a  and, there fore ,  t h e  pressure  d r o p  across 
the  i n j e c t o r  is approximately 19 ps i .  ReZcrring t o  Figure 111-17 w i t h  t h i s  
pressure i n d i c a t e s  t h a t  t h e  LOX and RP-1 i n j e c t i o n  v e l o c i t i e s  a r e  approximately 
48 and 56 f t l s e c ,  respec t ive ly ,  which aid above the  undesi rable  atomization 
zone. However, f u r t h e r  t h r o t t l i n g  would v i o l a t s  t h i * ;  1 - s g i a  and r equ i r e  that 
t h e  pressure  drop at f u l l  t h r u s t  be increased t o  maintain s u f f i c i e n t  i n j e c t i o n  
v e l o c i t i e s .  
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. COMBUSTION CHAMBER LENGTH AND INJECTOK 'I'll KUST I'EK ELEMENT 
Both combustion chamber l eng th  and i n j e c t o r  t h r u s t  pcbr e l e m e n t  a r e  
c r i t i c a l  engine  parameters  t h a t  must be e s t a b l i s h e d  bt:fore f i n a l  cmcept  
s e l e c t i o n s  can be completed. These two parameters  a r e  evaluated  t o g e t l ~ e r  
s i n c e  they a r e  dependent on each o t h e r .  As combustion chamber l i ~ n g t h  i n c r e a s e s ,  
t h e  b e s t  t h r u s t  /element s i z e  a l s o  i n c r e a s e s .  Combust ion chamber c o n t r a c t  ion 
a r e a  r a t i o  has  an i n s i g n i f i c a n t  e f f e c t  (second o rde r )  on t h e  r e s u l t s  and, 
t h e r e f o r e ,  w a s  maintained at 1.8 f o r  t h i s  t r a d e o f f  s tudy.  
The performance v a r i a t i o n  wi th  combustion chamber l eng th  and t h r u s t  
p e r  element is shown i n  F igure  111-19. Nominal v a l u e s  of combustion chamber 
l eng th  and t h r u s t  p e r  element were 50 i n .  and 1000 lb /e lement ,  r e s p e c t i v e l y .  
A s  shown, t h e  nominal p o i n t  has  a vacuum s p e c i f i c  impulse e f f i c i e n c y  of 93% . 
The performance is a l s o  a f u n c t i o n  of t h e  i n j e c t o r  p r e s s u r e  drop which was 
f i x e d  a t  t h e  p rev ious ly  (Sec t ion  II1,E) s e l e c t e d  va lue  of 15% of combustion 
chamber f a c e  p ressure .  Background f o r  t h e  performance shown and f u r t h e r  v a r i -  
a t i o n s  wi th  o t h e r  parameters  is presen ted  i n  Appendix R 
The v a r i a t i o n  i n  engine  weight w i t h  combustion chamber l e n g t h  is 
shown i n  Figure  111-20 and inc ludes  combustion chamber and gimbal system 
weight changes. I n  a d d i t i o n  t o  weight growth wi th  chamber l e n g t h ,  t h c  v c h i c l c  
d iameter  is a l s o  inf luenced f o r  a gimballed engine a s  shown i n  Figure  111-21. 
R e s u l t s  from t h e  f i n a l  t r a d e o f f  a r e  shown i n  Figure  111-22 f o r  the  
Boeing v e h i c l e .  A s  shown t h e  optimum chamber l e n g t h  v a r i e s  wi t11  t h c  t h r u s t /  
element.  For t h e  b a s e l i n e  des ign  of  1000 lb /e lement ,  t h e  optimum occurs  a t  
approximately a 90-in. chamber l eng th .  Only a s l i g h t  pena l ty  is incur red  hy 
reducing t h e  optimum t o  80 i n . ,  which is c l o s e r  t o  t h e  cost optimum p o i n t  
s ince  the  engine is s i i c ~ r t e r  and l i g h t e r .  Tllereforc,  a potcbnt ia l s ign i f i can t  
perionnancc gain  for  t lw vrli icle  (approximately 300,000 111 r)!. (:l,OW) r:lii bc 
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obtained by increasing the chamber length 30 in .  This p o s s i b i l i t y  w i l l  be 
fu r the r  evaluated with other vehicle  exchange r a t i o s  t o  subs tant ia te  t h i s  
growth potent ia l .  
A crossplot of the  optimums shown i n  Figure 111-22 is  presented i n  
Figure 111-23 t o  provide the  var ia t ion  in  gross l i f t o f f  weight (GLOW) with 
thrus t  per element. The regenerative cooled curve is t h e  s i tua t ion  corres- 
ponding t o  the  baseline engine. As shown, O W  decreases as th rus t  per element 
decreases indicat ing t h a t  the th rus t  per element should be a s  l o w  a s  possible.  
This trend is even more severe f o r  a duct f i lm cooled engine which is a l so  
shown i n  Figure 111-23. As th rus t  per element is decreased, the  i n j e c t o r  
becomes more complex and cos t ly  even though the  weight may remain e s s e n t i a l l y  
constant (assumption f o r  t h i s  study). The concept se lec ted  f o r  t h i s  study, a s  
discussed in  Section IV,B, w i l l  accommodate t h r u s t  per elements down t o  
approximately 750, To u t i l i z e  a lower th rus t  per  element w i l l  necess i t a t e  a 
design change t o  a f ine ly  d r i l l e d  face concept ( s imi lar  t o  TITAN type) o r  a 
p l a t e l e t  type with the associated manifolding and cleaning complexity. The 
p o s s i b i l i t y  of lower th rus t  per element w i l l  continue t o  be evaluated as a 
growth potent ia l  f o r  the  engine. 
111, VehicleIEngine In t e r ac t ion  Studies  ( c m t . )  
G. LINE AND VALVS PRESSURE DROP 
Due t o  the  vehicle  s e n s i t i v i t y  t o  engine pressure  drop, a t radeoff  
study vas  conducted t o  e s t a b l i s h  t h e  bes t  p rope l lan t  l i n e  and valve v e l o c i t i e s  
f o r  the  booster .  Preliminary s i z i n g  s t u d i e s  were conducted with  v e l o c i t i e s  of 
25 f t l s e c .  
The v a r i a t i o n  of l i n e  and valve weight f o r  the  base l ine  engine is  
shown i n  Figure 111-24 as a function of p rope l lan t  ve loc j ty .  The ox id i ze r  
l i n e s  a r e  bigger  than the  f u e l  l i n e s  (20 vs  15 in .  i n s i d e  diameter a t  the  
engine i n l e t )  and, there fore ,  have a bigger  weight v a r i a t i o n  wi th  prope l lan t  
ve loc i ty .  Line and valve weights f o r  a f ixed t h r u s t  engine s c a l e  inverse ly  
wi th  p rope l l an t  ve loc i ty .  
Line and valve pressure  drop scale d i r e c t l y  with the  ve loc i ty  
squared. The va r i a t i on  of t h i s  pressure  drop about the  design po in t  (pro- 
p e l l a n t  ve loc i ty  of 25 f t l s e c )  is  shown i n  Figure 111-25 f o r  both f u e l  and 
ox id i ze r  c i r c u i t s .  The d i f fe rence  i n  s lope  of the  two curves is due t o  t he  
s l i g h t  d i f fe rence  i n  nominal design po in t  values (30 p s i  f o r  LOX vs 28 f o r  the  
RP-1). 
The t radeof f  between pressure  drop and engine weight is shown i n  
Figure 111-26 f o r  the  Boeing vehicle .  A s  shown, optimum prope l lan t  ve loc i ty  
is approximately 15 f t / s e c  which is lower than the  25 f t / s e c  assumed f o r  the  
base l ine  engine. However, the  penal ty  t o  opera te  a t  25 p s i a  i s  small (about 
20,000 of GLOW) and, therefore ,  a  p rope l lan t  ve loc i ty  of 25 f t / s e c  was main- 
ta ined u n t i l  more veh ic les  could be evaluated. I n  addi t ion ,  s e a l  requirements 
i n  the  valve and o ther  c o s t  considerat ions  favor a high prope l lan t  ve loc i ty  
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BASELINE ENGINE SIZING AND 
Th rus t 
'ea Level ,  Nominal 
- 
Vacuum, Xominal 
Spcc i  f i : Impulse 
Sea Level ,  Nominal 
Sea Level, Minimum 
Vaccum, Nominal 
Vacuum, Minimum 
Flowra te  
To t al. 
Oxiciize r 
Fue 1 
Xix t u r e  R a t i o  
Engine 
Length,  i n .  
Outs ide  d i a ,  i n .  
Dry Weight, lb 
Wet Weight, l b  
Conbustion Chamber 
P r e s s u r e ,  p s i a  
Char.  V e l o c i t y  C* 
Length,  i n .  
C o n ~ r a c t i o n  R a t i o  
Tnroa': Area,  sq. i n .  
Throa t  Diameter ,  i n .  
Dry \<e igh t ,  l b  
Ttlrus t Chamber Nozzle 
4rea  R a t i o  
Pe rcen t  Bell 
Length,  i n .  
I n s i d e  d i a ,  i n .  
Dry Weight, lb 
I n j e c t o r  
I n s i d e  d i a ,  i n .  
Length,  i n .  
Dry Weight, lb 
Main Fue l  Valve 
Dry Weigh-t.,- ?b 
&in Ox Valve 
Dry Weight, l b  
P r o p e l l a n t  L ines  
D r y  Weight. l b  
Set ondarv F l u i d  Xngeccion 
Angle 
S p e c i f i c  Impulse 
Dry Weight, l b  
Gimbal o r  Hinge Bear ings  
Length,  i n .  
Dry Weight,  l b  
Gimbal Ac t u a c o r  Sys t e m  
Angle 
D r y  Weight, l b  
> t i  s ce 1 lane ous 
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Figure 111-26 
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l:NC INE MAJOR COMPONENT ANALYSES 
------- 
A. THRUST CHAMBER ANALYSIS 
The t h r u s t  chamber concept recommended f o r  use on the  pressure-fed 
e-gine is a conventional DeLaval design of tubula r  construct ion us ing two-pass 
f u e l  (RP-1) regenerat ive  cooling and no supplemental cooling. The t h r u s t  cham- 
be r  f ea tu re s  a c y l i n d r i c a l  combustion chamber of con t rac t ion  r a t i o  1.8:l  and 
L' equal  t o  50 i n .  The nozzle is a 74% length* contoured b e l l  design having an 
, J e r a l l  expansion a rea  r a t i o  of 6 .  An i l l u s t r a t i o n  of the  t h r u s t  chamber show- 
ing  p r inc ipa l  dimensions i s  presented i n  Figure IV-1. 
This t h r u s t  chamber concept w a s  s e l ec t ed  as the  recommended approach 
based on the  r e s u l t s  of  d e t a i l e d  eva lua t ions  and a n a l y t i c a l  t radeoff  s t u d i e s .  
The engineering approach used t o  compare, eva lua te  and f i n a l l y  s e l e c t  the  pre- 
f e r r ed  t h r u s t  chamber concept w a s  as follows: 
Iden t i fy  the  p r i n c i p a l  t h r u s t  chamber considerat ions  requi r ing  
evaluat ion,  i.e., cooling concept, nozzle concept, cooling f l u i d ,  e t c .  
. Iden t i fy  the  important evaluat ion c r i t e r i a  f o r  each considera- 
t i o n  based upon component and engine design requirements and engine,  veh ic le  
and opera t iona l  cons t r a in t s  . 
. Through preliminary screening methods, involving the  evallw- 
t i on  of each considerat ion aga ins t  its appropr ia te  c r i t e r i a ,  determine those 
considerat ions  requi r ing  f u r t h e r  eva lua t ion  by tradeof f s t u d i e s  and ana lys i s .  
. Conduct parametric t radeof f  s t u d i e s  of those considerat ions  
requir ing evaluat ion before the concept can be se lec ted .  
-- - 
;+A 15-degree half-angle conical nozzle cf the equivalent area r a t i "  represents 
t h e  100% length case. 
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. Monitor t h e  p rogress  and o b t a i n  the  r e s u l t s  of  o t h e r  engine  
compocent, and system s t u d i e s  (TVC, va lv ing ,  i n j e c t o r ,  performance, s t a b i l i t y ,  
e t c . )  and determine t h e i r  i n f l u e n c e  on t h e  t h r u s t  chamber des ign .  
. . I n t e g r a t e  t h e  r e s u l t s  of  d e t a i l e d  t h r u s t  chamber t r a d e o f f  
s t u d i e s  wi th  v e h i c l e  system s tudy  r e s u l t s  and select a s i n g l e  t h r u s t  chamber 
des ign  concept which r e p r e s e n t s  t h e  most reasonably  balanced t h r u s t  chamber 
des ign  and which a l lows  optimized engine and v e h i c l e  conf igura t ion .  
The fo l lowing s u b s e c t i o n s  summarize t h e  r e s u l t s  o f  t h e  t h r u s t  
chamber component a n a l y s i s .  
1 .  Candidate Thrus t  Chamber - Concept Screenin% -
Three cons idc ra t fons  determined to  be most important  t o  t h r u s t  
chamber concept sc reen ing  were : 
Nozzle Geometry 
Comb us t i o n  Chsmbe r Geometry 
Thrust  Chamber Cooling Concept 
Review of  t h e  NASA Guidel ines* revealed  t h a t  a t o t a l  of  24 
c r i t e r i a  were i d e n t i f i e d ,  and a r e  p o t e n t i s l l y  r e l e v e n t  t o  t h e  t h r e e  nozz le  
cons ide ra t ions  under s tudy .  These 24 c r i t e r i a  are l i s t e d  i n  Table I V - I  along, 
with the  t h r e e  t h r u s t  chamber c o n s i d e r a t i o n s .  A s  can be seen i n  Table I V - I ,  
only s p e c i f i c  c r i t e r i a  were i d e n t i f i e d  wi th  r e s p e c t  t o  a s p e c i f i c  considera-  
t i o n .  Those c r i t e r i a  noted  by X were s e l e c r e d  on t h e  b a s i s  of  f i r s t  a s s e s s -  
- 
ment. C r i t e r i a  n n t e d  by '5: %ere ~ ~ i i s i d e ~ c = r l  t u  be key c r i L e r i a  cna t  must b e  
used i n  the  e v a l u a t i o n .  A s  can be seen i n  Table IV-I, f i v e  c r i t e r i a  were 
cortsidered e s s e n t i a l  f o r  e v a l u a t i o n  o f  the  n o z z l e  geometry, t h r e e  c r i t e r i a  
---------- .--- - 
*N:\SA Guide1 i u c ~ s  for I'rt*;>arit~g S tucly Plat1 , Pressurl--  I;(-cl Booster  i '~ lg ine  , 
i l ; ~ t ~ - ~ l  11-I(>-71. 
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were found most r e l e v a n t  f o r  t h e  combustion chamber sc reen ing ,  and e i g h t  c r i -  
t e r i a  were considered e s s e n t i a l  f o r  p roper  sc reen ing  of  t h e  c c t ~ l i n g  concept . 
The key  c r i t e r i a  s e l e c t e d  from Table I V - I  were used for t h e  i n i t i a l  concept 
sc reen ing .  Table I V - I 1  p r e s e n t s  t h e  d e t a i l s  of t h e  i ~ i t i a l  concept screening.  
The t h r u s t  chamber concept s c r e e n i n g  tree i l l u s t r a t e d  i l l  Figure IV-2, summarizes 
the irrfcmation shown ir, Table I V - 1 1 .  The sc reen ing  tree, Figure  IV-2, shows 
t h a t :  
C The nozzle  geometry s e l e c t e d  f o r  f u r t h e r  s tudy  is 
a contoured DeLaval nozzle .  
The combustion chamber geometry s e l e c t e d  f o r  f u r t h e r  
st) y is a c y l i n d r i c a l  combustion chamber. 
The t h r u s t  chamber w i l l  use a c t i v e  cooling,  and f u e l ,  
(RP-1) and (C H ), w i l l  be  s t u d i e d  a s  both a primary 3 8 
and a c t i v e  c o o l a n t  i n  t h r u s t  chambers of  t h e  f u l l  
r e g e n e r a t i v e  type ,  ducted f i l m  type ,  and t h e  p a r t i a l  
regenlducted  f i l m  combination. 
2. Tradeoff  S t u d i e s  
The second major s t e p  i n  the  p u r s u i t  of  t h e  p r e f e r r e d  t h r u s t  
chamber des ign  concept f o r  t h e  PFE w a s  t h e  performance of a n a l y t i c  t r a d e o f f  
s t u d i e s .  The r e s u l t s  o f  t h e s e  s t u d i e s  were used to  a r r i v e  a t  t h e  s e l e c t e d  
component des ign  i n  two ways. They were i n i t i a l l y  used t o  s e l e c t  t h e  f i n a l  
des ign  concept ,  (e .g. ,  r e g e n e r a t i v e  c o o l i n g  vs  ducted f i l m ,  and f u e l  vs oxi-  
\ d i z e r ,  t r i r i . ,  as w e i i  as t o  determine concept  d e t a i l s ,  such as f a b r i c a t i o n  
techniques and flow schemes. This  is t h e  work t o  be  p resen ted  i n  t h i s  sec-  
t i o n ,  and l e a d s  l o g i c a l l y  from t h e  prescreened,  cand ida te  concepts  shown i n  
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Figure IV-2 of t h e  preceding s e c t i o n  t o  t h e  f i n a l  concepts .  The second use 
made ~f the  a n a l y t i c a l  r e s u l t s  was t o  provide  numerical parametr ic  d a t a  t o  
suppor t  v e h i c l e  s v s  tern s t u d i e s .  The r e s u l t s  of t h e  numerical  a n a l y t i c a l  
s t u d i e s  were used t o  opt imize such parameters  a s  chamber c o n t r a c t i o n  r a t i o  
and l e n g t h ,  nozz le  a r e a  r a t i o ,  e t c . ,  w i th  r e s p e c t  t o  v e h i c l e  g r o s s  l i f t o f f  
weight.  These v e h i c l e  system t r a d e o f f s  a r e  d i scussed  i n  Sec t ion  111. The 
s e l e c t e d  des ign  concepts  i n  concer t  wi th  vehicle-optimized s i z i n g  determined 
t h e  s e l e c t e d  component conf igura t ion .  The t h r u s t  chamber con£ i g u r a t i o n  is  
discussed i n  Sec t ion  IV,A.3. 
I n  o r d e r  t h a t  t h e  numerical  a n a l y t i c a l  s t u d i e s  be both  
p roper ly  l i m i t e d  i n  scope and r e l e v a n t  t o  t h e  s u b j e c t  Trogram, t h r e e  c l a s s e s  
of  r e s t r i c t i o n s  were placed upon them. F i r s t ,  t h e  p resc reen ing  was accom- 
p l i s h e d  f o r  these  purposes.  Here t h e  r e l a t e d  exper ience  of ALRC was of g r e a t  
va lue .  The r e ; u l t  was t h a t  t h e  number of concepts  t o  be analyzed was mini- 
mized wi thout  j eopard iz ing  the  f i n a l  r e s u l t .  The second type  of  r e s t r i c t i o n  
imposed upon t h e  ana lyses  was t h e  es tab l i shment  of the  maximum number of 
reasonable f i x e d  parameters ,  and l i m i t a t i o n  o f  both number and range of  
dependent and independent parameters .  S e l e c t i o n  of f ixed  parameter  v a l u e s  
necessary  t o  the  a n a l y t i c  s t u d i e s  inc luded bo th  i tems of secondary importance,  
such a s  manifold p r e s s u r e  l o s s e s  ( t o  be e v a l u a t e d  i n  Phase B) and those  o f  
primary importance which a r e  g e n e r a l l y  agreed upon t o  be r e p r e s e n t a t i v e  va lues  
throughout t h e  v e h i c l e  contractor/NASA team, such a s  engine t h r u s t  and chamber 
p ressure .  These l a t t e r  v a r i a b l e s  were n o t  e n t i r e l y  ignored,  a s  w i l l  be seen ,  
but  they were f i x e d  f o r  t h e  more l a b o r i o u s  s t u d i e s .  Good des ign  p r a c t i c e s  
were assumed throughout wherever d e t a i l e d  c o n f i g u r a t i o n  d a t a  were needed e a r l y  
in  t h e  analyses .  The t h i r d  r e s t r i c t i o n  type p laced on t h e  s t u d i e s  involved 
t!.e +!:~c and d e p t h  of ana lyses .  Heat transfer arid performance d a t a  were seen 
a s  a r e a s  of  primary importance. Therefore ,  n~aximum in-depth e f f o r t  was 
expended i n  these  a r e a s .  By comparison, s t r u c t u r a l ,  m a t e r i a l s ,  we igh t s ,  and 
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I fnhr ica t ion /cos t  s tud i e s  were l imi ted  t o  f e a s i b i l i t y  checks, and more general-  I ixed parametric analyses.  These more q u a l i t a t i v e  s t u d i e s  were u t i l i z e d  t o  
c!e tcrmine the d e t a i l e d  conf igurat ion of t'he s e l e c t e d  t h r u s t  chamber concept. 
An i n i t i a l l y  s i g n i f i c a n t  problem r e l a t e d  t o  the  p a r a l l e l  
nature  of the  Phase A s tud ie s  were the  i n t e r a c t i o n s  between the  var ious  engine 
components. Tho methods employed t o  achieve t h r u s t  vec tor  control  and tank 
pressur iza t ion ,  f o r  example, could have a g rea t  impact upon the  t h r u s t  chamber 
design. The establishment of a base l ine  engine concept e a r l y  i n  Phase A 
p a r t i a l l y  re l ieved  the  d i f f i c u l t y  , and i n t e r a c t i o n  with  these  components pro- 
vided add i t i ona l  da t a  and gave assurance t h a t  a l l  engine components were being 
simultaneously optimized. 
a .  Nozzle Geometry 
During prescreening i t  w a s  determined t h a t  the  nozzle 
should be a contoured. DeLaval type. The remaining nozzle  geometry unknowns 
were nozzle contour, nozzle length and o v e r a l l  area r a t i o .  Theoret ical  per- 
formance arld nozzle l o s se s  were ca lcu la ted  as funct ions  of  nozzle length and 
area r a t i o  f o r  Rao contoured nozzles.  It w a s  determined t h a t  f o r  the  low area  
r a t i o s  under considerat ion,  t h a t  gas divergence lo s se s  comprised a major por- 
t i on  of the  t o t a l  nozzle loss .  Figure IV-3 is a p io t  of nozzle performance 
l o s s  from t h e o r e t i c a l  a s  funct ions  of arer. L-3t.. ,, wcd nozzle length (given as  
percent  of the  length of a minimum lecgcb f ? d ~  optimum contoured nozzle) .  
Figure IV-4 is a v i sua l  d i sp lay  of  the  vd'(ou3 nozzle contours consiciered f o r  
an a rea  r a t i o  of 6.0. Theoret ical  performance is given i n  Appendix B f o r  both 
LOX/RP-1 and LOX/C3H8. 'I'hrust chamber parametric weight equations were 
. %  n developed ,  which give thc  weight as functions of nozzle length as wel l  a s  o the r  8-i 
f E parameters such a s  chamber pressure ,  t h r u s t ,  con t rac t ion  r a t i o ,  e t c .  The 
r e s u l t s  a r e  included i n  Section 11,~. Figure IV-5 shows the  l a rge  e f f e c t  of 
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nozzle  length  and a r e a  r a t i o  on nozzle  t o t a l  s u r f a c e  a r e a .  These d a t a  allowed 
the  f i n a l  s e l e c t i o n  of  nozzle  geometry t o  be  made on a systems b a s i s .  
Determinat ion o f  t h e  s e l e c t e d  concept d e t a i l s  was, a s  
descr ibed e a r l i e r ,  begun w i t h  an examination of the  i n t e r a c t i o n  o f  the  t h r u s t  
chamber ta~ith o t h e r  engine  components. The r e s u l t s  of  t h i s  s tudy  r e l e v e n t  t o  
t h e  t t . rust  chamber a r e  l i s t e d  i n  Table IV-111. 
I n  a d d i t i o n  t o  t h e  ? resc reen ing  d a t a ,  t h e r e f o r e ,  t h e  
fol lowing nozzle  d a t a  was s p e c i f i e d :  
- Two f u e l  i n l e t s  would be used. 
- No unusual nozz le  s i d e  loads  o r  h igh  Local 
thermal loads  would occur  due t o  t h e  TVC 
s y s  t e m .  
- No p o r t s ,  manifolding,  e t c .  would be  rl qui red  
t o  p e n e t r a t e  t h e  nozz le  due t o  t h e  TVC system. 
- Tne nozz le  would n o t  be r e q u i r e d  t o  move r e l a -  
t i v e  t o  t h e  chamber, and no moving p a r t s  o r  
dynamic s e a l s  would be requ i red  due t o  t h e  TVC 
system. 
- No c o n s i ~ e r a t i o n  need be given t o  exchanging 
h e a t  from t h e  chamber wall backs ide  t o  a tank 
p r e s s u r a n t  f l u i d .  
Page IV-6 
I V ,  A ,  Thrust Chamber Analysis (cont.)  
- No nozzle o r  chamber wall  mounted combustion 
s t a b i l i t y  devices (!:arts, support bosses,  e zc. ) 
need be considered, nor cooling of these  i tems,  
These f ac to r s  i n  concert  i nd i ca t e  t h a t  no extraordinary 
design fea tures  need be in t eg ra t ed  i o t o  the  nozzle design because of veh ic le  
o r  engine considerat ions ,  and t h a t  normal d e t a i l  design concepts can be 
adhered t o  f o r  the  t h r u s t  chamber nozzle and coinbustion chamber. 
b. Combustion Chamber Geometry 
During prescreening s t u d i e s  i t  was determined t h a t  the  
chamber should be c y l i n d r i c a l  r a t h e r  than conica l  s o  t h a t  the  i n j e c t o r  diam- 
e t e r  and weight could be he ld  t o  a minimum, while the  Rayleigh line-induced 
combustor t o t a l  pressure  l o s s  was a l s o  minimized. "he assumption w a s  t h a t  
the  r a t h e r  l a rge  t h r u s t  per  element i n j e c t o r  an t i c ipa t ed  f o r  use with the  
LOX/Hydrocarbon prope l lan ts  would r e s u l t  i n  s ign i f ica r i t  a x i a l  a i s t r i b u t i o n  of 
re leased hea t  energy. Therefore, a  c y l i n d r i c a l  chambe; worlld induce minimal 
AP near  the  nozzle i n l e t  f o r  a given contract ion r a t i o .  Accordingly, the  
remaining b a s i c  chamber design ~nknowns were chamber leng th  and cont rac t ion  
r a t i o .  Figure IV-6 shows the  e f f e c t  of chamber contract ion r 3 t i o  upon 
Ray l e igh  l i n e  induced combustor AP. The Fanno l i n e  AP is a funct ion of com- 
bustor l eng th ,  and is overshadowed by the  dependancy of energy r e l ea se  e f f i -  
ciency (ERE) ~ t .  chamber length.  Figures IV-7 ,  IV-8  and IV-9 show the  e f f e c t  
of chamber length upon ERE a s  a function of t h r u s t  pe r  i n j e c t o r  element. The 
t o t a l  chamber length ( i n j e c t o r  t o  th roa t  plane) was determined by use of the  
above da t a  i n  combination with  veh ic le  trade-off f ac to r s  a s  explained i n  
Section 111. The r e s u l t i n g  cont rac t ion  r a t i o  and chamber length allowed the  
combustion chamber geometry t o  be f u l G  defined except f o r  convergent s ec t ion  
d e t a i l s .  The nozzle congergent geometry was d i c t a t e d  by the  cont rac t ion  r a t i o ,  
and the  s e l e c t i o n  of the  upstream th roa t  radius  of 75% of the  t h r o a t  plane 
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r a d i u s  t o  o b t a i n  reasonably high nozzle  d ischarge  c o e f f i c i e n t  of g r e a t b r  than 
96%. The a c t u a l  t h r n a t  r a d i u s  r cqu i red  i s ,  t h u s ,  only s l i g h t l y  l a r g e r  than 
the  d c s i r s d  s o n i c  j e t  radl l ls .  
c.  Cooling Concept 
Figure IV-2 i l l u s t r a t e s  how the  concept p resc reen ing  
e f f o r t  culminated i n  t h e  r e j e c t i o n  of a l l  pass ive  t h r u s t  chamber coo l in?  con- 
c e p t s ,  r e g a r d l e s s  of whether supp lemel~ ta l  coo l ing  was used o r  no t .  The 
a c t i v e l y  cooled c o n c e i t s  judged t o  be worthy of a n a l y t i c a l  s tudy  were f u l l  
r egenera t ive ,  ducted f i l m ,  and a p o t e n t i a l l y  promising combination o f  t h ~  two. 
With the  l a t t e r  concept ,  t h e  chamber is  r e g e n e r a t i v e l y  cooled wi th  a low pres-  
s u r e  drop, s i n g l e  forward pass  des ign ,  and t h e  nozzle  zntrclnce is duct  cooled.  
A s  p rev ious ly  mentioned, t h e  a n a l y t i c a l  s t u d i e s  were 
used tc determine t h e  adequacy of  t h e  concept a s  a p p l i e d  t o  t h e  PFE, a s  w e l l  a s  
ro provide numerical suppor t  f o r  v e h i c l e  system t r a d e o f f  sCudizs.  I n  t h i s  
regar2 ,  h e a t  t r a n s f e r  s t u d i e s  were accorcplished i n  o de-- t o  d e t e r r ~ i n e  t h r u s t  
chamber w a l l  tempera tures ,  and t h e  change i n  coo lan t  p r o ~ e r r i e s ,  such as  p r e s -  
s u r e  l o s s  and bulk t .mperature rise when u t i l i z e d  t o  cool  the  chamber wa l l .  
!:be afcrementioned d a t a ,  being pa ramet r i c ,  weve determine3 a s  func t ions  of 
flow r a t e ,  f1ul.d v e l o c i t y ,  chamber s i z e ,  and o t h e r  r e l e v a n t ,  indepc-:,dent param- 
e t e r s .  Following t h i s ,  a s  applicab-e,  t h e  engine performance l o ~ s e s  were 
c a l c u l a t c d  wi th in  the  a p p r o p r i a t e  ranges. These d a t a ,  i n  c o n c e r t ,  provided 
inpu t  f o r  the  v e h i c l e  system t r a d e  s t u d i e s ,  r epor ted  i n  Sec t ion  111. Data 
repor ted  i n  t h i s  s e c t i o n  w i l l  be confined t o  t h e  pa ramet r i c  h e a t  t r a n s f e r  
r e s u l t s  a s  r e l a t e d  t o  t h e  adcquacy o f  t h e  coo l ing  concept ,  and i ts  e f f e c t  on 
coolant  p r o p e r t i e s .  
* 
' t i '  i 
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K e g ~ n e r a t i v e  c o o l i n g  s t u d i e s  \:ere r e s t r i c t e d  t o  the use 
o f  ; t i ~ l ,  as  i n d i c a t e d  i n  F igure  IV-2, because* of severe o x i d a t i o n  I lazards ,  and the- 
fact t n a t  l i q u i d  oxygen is an i n f e r i o r  c o o l a n t .  Four coo led  t h r u s t  chamber 
design-  were i n v e s t i g a t e d  t o r  thermal  f e a s i b i l i t y .  These i n c l u d e d  regenera-  
t i v e l y  cooled  and upstream Jump (ducted) coo led  approaches  f o r  RP-1 and :iBP 
propane. The a n a l y s e s  cons ide red  c o o l a n t  bunlout c h a r a c t e r i s  t i c s ,  g a s  and 
c o o l a n t  s i d e  hydrocarbon and carbon  d e p o s i t i o n  and the need f o r  min imiz ing  
c o o l a n t  p r e s s u r e  Crop. The g r a a t e s  t unknowLls are t h o s e  associated with pro- 
pane c o o l i n g  c h a r a c t e r i s t i c s  i n  the f o r c e d  convec t  ion subcooled  s t a b l e  f i l m  
b o i l i n g  mode which w i l l  n, n i f e s  t i t s e l f  i n  b o t h  propane d e s i g n s  cons idered .  
The b o i l i n g  c h a r a c t e r i s t i c s  o f  W-1 are reasoi lablv w e l l  c h a r a c t e r i z e d  f o r  t h e  
p r e l i u i n a r y  des ign  s t u d y  . 
(1) Regenerat iwely Cooled Chamber - No Fi lm 
Cooling* 
A r c g e n e r a t i v e l y  cooled chamber s t u d y  w i t h o u t  f u e l  
film cooiing was cocducted f o r  both p r o p e l l a n t  combina t ions ,  LOX/PP-1 and LOX/ 
nropdne. I n  each  case t h e  f u e l  was assumed t o  be t h e  chamber c o o l a n t .  The 
fc l luwii?g nozz le  c c n f i g u r a t i o n  and material was used to conduct  t h e  stud:. . 
%otc  Chat round cross s e c t i o n ,  conscant  w a l l  t h i c k n e s s  t ubes  were asstmced 
throughout . 
Nozzle Parameters  
Engine Tlirus t , F 
Chamber P r e s s u r e ,  P 
C 
I:lroac Radius, Rt 
Contraction Area R a t i o ,  A /A 
c t 
4 1.2 x 10 l b f  
250 p s i a  
34.9 i n .  
1 . 7 5 : l  
- - -- -  -------- 
*See IV , A ,  3 p r e s e n t s  technology programs associated with  RP-1 and 
13 rol>nnt, 11 rolw 1 1 r i l l  ts . 
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I n j e c t o r  t o  Throat,  L' 
Expansion Area Ratio,  A /At 
e 
Tube Material  
Tube Geometry 
50 in .  
6 : l  
Inconel 625 
Circular Th rougiiou t 
(a )  LOX/RP-1 - Regeneratively Cooled 
Chamber with no Film Cooling 
A round-tube, two-pass chamber study was con- 
ducted f o r  t he  LOX/RP-1 prope l lan ts  wi th  RP-1 a s  the  coolant  flowing i n  the  
tubes. The following parameters vere used i n  t h i s  study. 
Mixture Ratio,  MR 
Total  Propel lant  Flow, WT 
Coolant (RP-1) F ~ O W ,  Gf 
Coolant I n l e t  Pressure ,  P i n  300 ps i a  
Coolant I n l e t  Temperature, T i n  100" F 
The t o t a l  number of tubes was var ied  from 150 t o  300 with  tube w a l l  thickness 
of 0.050, 0.030 and 0.020 in .  
1 Analyt ical  Procedure 
- 
The parameter s tudy was conducted u t i l i z -  
ing  the regenerat ively  cooled chamber hea t  t r a n s f e r  computer program developed 
a t  Aerojet: (Reference 1) and used ex tens ive ly  i n  the  success fu l  design of the 
Ti tan 11, Nerva, Ti tan I I I B ,  and Phoebus chambers t o  name a few. The combus- 
t iorr gas proper t i e s  were obtained from the  Aerojet  developed THERMOCAL com- 
p u t e r  program (Reference 2) and used i n  conjunction with  the  following hot- 
gas-side hea t  t r a n s f e r  co r r e l a t i on ,  a modified form the  s imp l i f i ed  Bartz 
(Reference 3) cor re la t ion .  
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The "C " is a coeff ic ient  which is 
g 
normally 0.026 but w a s  varied t o  account f o r  gas-side carbon deposition and 
"K"' is the correction fac tor  f o r  two-dimensional flow i n  the nozzle expan- 
s ion  region. 
The forced-convection corre la t ion  f o r  
RP-1 was based upon References 4 and 5. 
The burnout heat  flux corre la t ion  for 
RP-1 was derived from Reference 4 and is shown below. 
'BO = 0.8 + 0.0003 VAT sub 
where, LT = (I 
sub sat - Tb' 
. - -- - 
"See nomenclature page IV-35. 
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A parametr ic  s t u d y  was conducted f o r  
varying nunber o f  tubes  and wall th icknesses ;  a n a l y s i s  was conducted assuming 
f i rs t  w i t i ~ n r ~ t  carbon then wi th  carbon d e p o s i t i o n  on t h e  hot-gas s i d e  of t h e  
tubes.  The r e s u l t s  of t h e  LOX/RP-1 parameter s t u d y  is show. i n  Figure IV-10. 
2 - Resu l t s  
T o t a l  chamber coo lan t  p ressure  drop and 
coo lan t  bu lk  temperature rise i s  shown versus  number of  tubes  ( i n  r ig t i re  IV-10) 
f o r  0.050, 0.030 and 0.020 i n .  tube  w a l l  th icknesses .  For any w a l l  t h i c k n e s s  
p ressure  drop (AP) i n c r e a s e s  f o r  i n c r e a s i n g  number o f  tubes. For example 
the  p r e d i c t e d  AP is  approximately 30 p s i  f o r  0.030 i n .  w a l l  w i th  180 tubes  and 
i n c r e a s e s  t o  approximately 140 p s i  wi th  280 tubes .  The noted  AP i n c r e a s e s  are 
due t o  the  dec reas ing  f low a r e a s  as t h e  number o f  c i r c u l a r  tubes  is increased.  
Also c r o s s  p l o t t e d  on t h e  AP curves  are t h e  t h r o a t  (maximum) v e l o c i t i e s  va ry ing  
from C5 t o  80 f t l s e c .  The coo lan t  bu lk  temperature r i s e  (ATB; is r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e  number of t u b e s ,  i.e., approximately cons tan t  a t  9S°F.  
The gas-side and coolant -s ide  w a l l  ter- 
p e r a t u r e s  a r e  a l s o  shown i n  Figure  IV-10 versus  number o f  tubes .  Again both  
temperatures a r e  a f f e c t e d  only  s l i g h t l y  wi th  number of tubes .  The gas-side 
temperature do vary wi th  the  tube w a l l  t h i c k n e s s ,  e.g.,  1340°F for 0.050 i n .  
and 1040°F f o r  0.020-in. a t  200 tubes .  For 200 tubes  t h e  coo lan t - s ide  t e m -  
p e r a t u r e  was approximately 780°F. 
Both w a l l  temperatures are t h e  p r e d i c t e d  
values  assuming carbon d e p o s i t i o n  on t h e  ho t  gas s i d e .  These tempera tures  a r e  
approximately 1 8 0 ' ~  h i g h e r  wi thout  t h e  carbon. However t h e  assumed carbon 
depos i t ion  vas conse rva t ive  (0.7 h ) and test d a t a  (Reference 6) i n d i c a t e d  
g 
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3 - Discussion of R e s u l t s  
This parameter s tudy ind ica ted  tha t  tube 
biirnout i s  no t  a design problem with RP-1 coolant  a t  the 300 p s i a  i n l e t  pres- 
7 
- 
sures. %e saxinura he?': f l u x  without carbon is approximately 4 Btu/in.  -sec 
2 
while the  burnout f lux is about 10 Btu!in. -sec f o r  the  same condi t ions .  
Burnout is not the  only limf t i n g  f a c t o r  
on the  coolant-side; a slow buildup of  varnish o r  t a r  accumulates over the  
t o t a l  per iod o f  run t i m e .  A l i t e r a t u r e  search w a s  conducted, and t h i s  buildup 
rate was in t e rp re t ed  (Reference 7) i n  terms of w a l l  temperature rise per  
f l i g h t  (160 sec )  and shown i n  Figure IV-10. For 150 tubes a  OF rise p e r  
f l i g h t  i s  shown while only a 2OF pe r  f l i g h t  is shown f o r  250 tubes. Other 
r epo r t s  i nd i ca t e  t h a t  d i f f e r e n t  chemical composition ( p a r t i c u l a r l y  the  s u l f u r  
c o n t e ~ t s )  of  t he  RP-1 r e s u l t s  i n  varying bbildup rates on the  wal l s ,  low 
s u l f u r  general ly  being super ior .  
Although the  range of pressure  drop shown 
may exceed t h a t  allowed f o r  the  veh ic le ,  the  r e s u l t s  shown i n  Figure IV-10 
can be used as a guide i n  s e l e c t i n g  a tube bundle design. These curves do 
c l e a r l y  demonstrate the  f e a s i b i l i t y  of  an RP-1 re;  znera t ive ly  cooled chamber 
without f i lm cooling. Ind ica t ing  as they do, the  independence of wall t e m -  
pe ra ture  and coolant veloci. t y  , coolant  pressure  l o s se s  less t h a ~ .  -nose shown 
can be accomplished by increas ing  the  tube flow a rea  near  the  t h roa t .  
(b) LOX/Propane - Regeneratively Cooled 
Chamber wi th  no Film Cooling 
The following LOX/Propane prope l lan t  param- 
e t e r s  were used t o  conduct a round-tube, two-pass chamber s tudy with propane 
as  the coolant.  
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Mixture Ra t io ,  MR 2 .8  
To ta l  P r o p e l l a n t  Flow, iT 5455 l b l s e c  
Coolant (propane) Flow, fi f 1436 l b l s e c  
Coolant I n l e t  P ressure ,  P i n  300 p s i a  
Coolant I n l e t  Temperature, T i n  -40°F 
1 A n a l y t i c a l  Procedures 
- 
The method o f  a n a l y s i s  wzs b a s i c a l l y  t h e  
same a s  t h a t  p rev ious ly  d i scussed  f o r  LOX/RP-1; t h e  thermal p r o p e r t i e s  o f  
propcTe were ob ta ined  from Reference 8. However i t  became immediately e v i d e n t  
t h a t  propane burnout h e a t  f l u x e s  are low based upon e x t r a p o l a t i o n  of  e x i s t i n g  
t e s t  d a t a  (Reference 6 ) .  
The propane burnout h e a t  f l u x  c o r r e l a -  
t i o n  used  a r e :  
'BO = 0.3 + 0.0004 VC T sub 
f o r  VA T , >  1000 
s u  .- 
Q~~ 
= 0.58 + 0.00012 VA T 
sub 
A comparison of  t h e  propane and RP-1 burnout c o r r e l a t i o n s  is shown i n  
F i r  I - 1 1  Pre l iminary  c a l c u l a t i o n s  i n d i c a t e  t h a t  propane coo lan t  ve loc i -  
t i e s  i n  excess  of  250 f t l s e c  w i l l  be r equ i red  t o  s t a y  i n  t h e  n u c l e a t e  bo i3 ing  
regime. These high v e l o c i t i e s  are n o t  compatible  w i t h  t h e  p r e s s u r e  drop 
a l lov~ed  through the  chamber w a l l  o f  t h i s  engine. A d e p a r t u r e  from n u c l e a t e  
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bo i l i ng  does no t ,  however, neces sa r i l y  c o n s t i t u t e  a burnout condit ion f o r  
cryogenic f lu id .  A f i lm b o i l i n g  c o r r e l a t i o n  was obtained a s  discussed in  
I<cfcrence 0 and used For t h i s  study.  
2 - Results  
A summary of the  parameter study for 
regenerat ively  cooled chamber with LOX/propane prope l lan ts  is  shown i n  
Figure IV-12. Coolant pressure  drop (AP) and coolant  bulk temperature r i s e  
(ATB) is  shown versus t o t a l  number of tubes f o r  0.060, 0.040 and 0.020-in. 
t h i ck  tube walls. The coolant  AP increases  both with increas ing  number of  
tubes and increas ing  wal l  thicknesses.  The AP is 44 p s i  f o r  150 tubes and 
increases  t o  130 p s i  with 250 tubes f o r  a 0.040-in, w a l l  design. Throat 
coolant v e l o c i t i e s  vary from 50 t o  90 f t / s ec .  The coolant  bulk temperature 
r i s e  is  independent of the  number of tubes (constant  a t  96°F). 
The w a l l  cemperatures a r e  a l s o  shown t o  
be unaffected by the  number of tubes inves t iga ted ;  however, increas ing  wal l  
thickness does increase  the  gas-side temperatures, e. g. , from 950°F at 
0.020 in .  t o  1400°F a t  0.060 in .  
3 - Discussion of Resul ts  
The curves i n  Figure IV-12 ind ica t e  the  
f e a s i b i l i t y  o f  a propane regenerat ively  cooled chamber design. However, these  
r e s u l t s  a r e  based upon the  assumption t h a t  cool ing with  f i l m  b o i l i n g  propane 
is p r a c t i c a l .  This is an a r e a  of uncer ta in ty  t h a t  has t o  be considered i n  the  
design s e l e c t i o n  and is  c e r t a i n l y  one where technology s tudy is recommended. 
The purpose of the parameter s tudy was t o  show the  f e a s i b i l i t y  of cooling by 
f i lm bo i l i ng  as demonstrated i n  Reference 6. 
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( 2 )  Regenera t ive ly  Cooled Chamber - With I 3 l m  
Cooling 
A s tudy  was conducted t o  determine the  e f f e c t  o f  
f i l m  c o o l i r ~ g  on the  des ign  parameters  of a  r e g e n e r a t i v e l y  cooled chamber. 
The f i l m  coo l ing  a n a l y s i s  was conducted w i t h  t h e  l a t e s t  Aero je t  f i l m  coo l ing  
model, Reference 9. The r e s u l t s  o f  t h i s  f i l m  coo l ing  a n a l y s i s  were app l i ed  
t o  t h e  cooled chamber. 
(a )  LOX/RP-1 - Regenera t ive ly  Cooled 
Chamber w i t h  Film Cooling 
The e f f e c t s  of RP-1 f i l m  coo l ing  is s h o ~ m  i n  
Figure IV-13 where the  coo lan t  bu lk  temperature r i s e ,  c o o l a n t  p r e s s u r e  drop,  
and w a l l  temperatures are shown versus  pe rcen t  f u e l  f i l m  coo l ing  (FFC) , i .e. ,  
r a t i o  of f u e l  f i l m  coo lan t  flow t o  the  t o t a l  f u e l  flow. A l l  f o u r  parameter 
va lues  decreases  w i t h  i n c r e a s i n g  coo l ing  percentage.  The gas-side and coolant -  
side temperature decreased approximately 330 and 550°F, r e s p e c t i v e l y  a t  152 
film cool ing .  The coo lan t  bu lk  temperature rise decreased approximately 50°F 
a t  15 p e r c e n t ,  whi le  the  coo lan t  p r e s s u r e  drop decreased 40 p s i  a t  72 and 
l eve led  o f f  (55 p s i )  a t  15%. 
These r e s u l t s  i n d i c a t e d  a  d e f i n i t e  gain i n  
p ressure  drop and f a t i g u e  l i f e  c y c l e  (lower w a l l  tempera tures)  wi th  t h e  use 
of  f u e l  f i l m  cool ing .  
(b) LOX/Propane - Regenera t ive ly  Cooled 
Chamber wi th  Film Cooling 
The e f f e c t s  of  propane f u e l  f i l m  coo l ing  (FFC) 
o n  n r e g e n e r a t i v e l y  cooled chamber is shown i n  Figure  IV-14 where t h e  maximum 
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wall temperatures,  coolant  bulk temperature rise and p r e s s u r e  drop is p l o t t e d  
versus  pe rcen t  FFC. A s  a n t i c i p a t e d ,  the  gas-side w a l l  temperatures decrease  
w i t t i  i nc reas ing  FFC, c .  g . ,  approximately 300°F reduc t ion  w i t h  10-percent FFC. 
'I'lrc maximum coolant -s ide  tempera tures ,  however, remain unchanged u n t i l  15% FPC 
where a 200°b' reduct ion  was noted. '~Ihis  i n s e n s i t i v i t y  t o  FFC i s  caused bv the  
f a c t  t h a t  f i l m  b o i l i n g  is t h e  propane f u e l  c o o l i n g  mode. 
Also shown i n  Figure IV-14 a r e  t h e  e f f e c t s  of  
FFC on t h e  coo lan t  bulk  temperature rise and p r e s s u r e  drop. A decrease  of  
approximately 20 p s i  i s  p r e d i c t e d  w i t h  15 p e r c e n t  FFC, whi le  t h e  bu lk  tempera- 
t u r e  rise reduc t ion  s t a b i l i z e s  a t  55°F witL 10% FFC. 
(3) Film-Cooled Chamber Design 
Film-cooled chambers sometimes r e f e r r e d  t o  a s  a 
ducted chambers o r  upstream dump were i n v e s t i g a t e d  f o r  100°F RP-1 and Propane 
supp l i ed  a t  -46OF. A l l  desigr 3 were based on a 50-in. chamber l e n g t h  wi th  
duc t  l e n g t h s  o f  0-in. ,  40-in., and 45-in. and c o o l a n t  f lows o f  4 t o  12% of t h e  
f u e l  e v a l u a t e d  pa ramet r i ca l ly  f o r  each duc t  length .  A l l  ana lyses  were based 
on c l e a n  i n t e r n a l  w a l l  w i th  f i l m  coo l ing  mixing parameters  based on t h e  exper i -  
mental gas phase i n j e c t o r  d a t a  genera ted  on Contrac t  NAS 3-14354. 
The thermal  des ign  a n a l y s i s  c o n s i s t e d  of tuo p a r t s :  
t h a t  of coo l ing  t h e  duc t ,  and t h a t  o f  t h e  film-cooled region downstream of t h e  
cool a n t  i n j e c t i o n .  The optimum c o n f i g u r a t i o n  matches t h e  coo lan t  flow requ i red  
t o  cool  t h e  duct  wi th  t h a t  needed f o r  t h e  downstream region.  
F igure  IV-15 shows the L e s u l t s  of t h e  downstream 
region f o r  both RP-1 and propane. The assumption made i n  these ana lyses  a r e  
t h a t  RP-1 is discharged from t h e  duc t  as subcooled l i q u i d  whi le  ehe propane is 
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completely vaporized and d ischarged a s  a gas.  The dashed upper s e r i e s  of  
curves i n  Figure  IV-15 i n d i c a t e s  t h e  maximum s k i r t  temperature which occurs  
a t  the  end o f  t h e  s k i r t .  The use o f  t h e  duct  i s  noted to  provide  s i g n i f i c a n t  
r educ t ions  i n  t h r o a t  temperatures and some improvement i n  s k i r t  temperatures 
o r  i n  p r a c t i c e  a l low o p e r a t i o n  a t  lower c o o l a n t  f lowra tes .  Addi t ional  o p t i -  
mizat ion s t u d i e s  a r e  r equ i red  i n  o r d e r  t o  s e l e c t  m a t e r i a l s  avd accep tab le  
opera t ing  temperatures be fo re  a s p e c i f i c  coolant  flow can be  s e l e c t e d  however 
based on exper ience  gained on NAS 3-14354 304 s t a i n l e s s  was demonstrated f o r  
thousands o f  r e s t a r t s  and thousands of seconds of f i r i n g s  a t  1800°F - 2000°F 
i n  the  low s t r e s s  s k i r t  reglon.  In  t h e  l a r g e r  s i z e  pressure- fed  engine how- 
ever  s i g n i f i c a n t  weight advantages v i l l  b e  r e a l i z e d  by employing h i g h e r  
s t r e n g t h  m a t e r i a l s ,  s i n c e  peak s k i r t  temperatures c o n t r o l  t h e  coo l ing  flow 
requirements  i n  some c o n f i g u r a t i o n s .  
The minimum coo lan t  f l o w r a t e s  f o r  1800°F s k i r t  
temperatures a r e  dependent upon duct  l eng th .  The recommended con€ i g u r a t i o n  
f o r  l i q u i d  phase RP-1 i n j e c t i o n  is a 40-in. duct  and 7-112% cool ing .  The use 
cf columbium as a s k i r t  ina te r i a l  t o  2400°F w i l l  a i low t h e  coo lan t  flow t o  be 
reduced t o  about 4-1/2% however t h i s  would n o t  al low t h e  des ign  of a duct 
which can meet t h e  s a f e  opera t ion  wi thout  gas-side s o o t  c r i t e r i a .  I f  the  s o o t  
l a y e r  is found t o  b e  dependable c o o l a n t  flows a s  low a s  5% may be p o s s i b l e .  
The t h r o a t  temperatures would be 850°F a t  7-1/2% coo l ing  and llOO°F a t  5% and 
t h e r e f o r e  provide cons ide rab le  des ign  margin. 
The comparat ive d a t a  f o r  gas phase propane i n j e c -  
t i o n  is  shown on the  r i g h t  of Figure IV-15.  The coo lan t  f l o w r a t e s  shown us ing  
propane should be cons idered  i d e n t i c a l  t o  RP-1 s i n c e  t h e  d i f f e r e n c e s  a r e  wi th in  
the  accuracy of  t h e  ana lyses .  The s e l e c t e d  duct  l e n g t h  f o r  propane i s  45-in. 
o r  5-in.  longer  than t h e  RP-1 des ign  a s  d i scussed  i n  t h e  n e x t  s e c r i o n .  
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The duct  des ign  and op t imiza t ion  is based on achiev- 
i n g  i n j e c t i o n  of subcooled l i q u i d  f o r  RP-1 and s a t u r a t e d  vapor f o r  propane, 
assuming a c lean  gas-side.  The i n j e c t i o n  of  a two-phase f l u i d  would probablv  
r e s u l t  i n  a sp ray  o r  a tomiza t ion  of t h e  c o o l a n t  and a reduc t ion  i n  coo l ing  
effectiveness. 
A l i q u i d  RP-1 cooled duct  desigu is shown i n  
Figure IV-16. The duc t  mat?rial can be s t a i n l e s s  s t e e l ,  Has te l loy  X o r  o t h e r  
m a t e r i a l  of  e q u i v a l e n t  o r  h igher  thermal  conduc t iv i ty .  Shown i n  t h e  f i g u r e  
a r e  coolant  channel  geometry and coo lan t  c h a r a c t e r i s  tics. The duc t  w a l l  
th ickness  is s f z e d  t o  keep t h e  gas-side temperature a t  1400°F. A c r i t i c a l  
dimension of t h e  duct  i s  t h e  channel depth  a t  t h e  i n j e c t i o n  s t a t i o n  0.036 + -
0.002. These smal l  passage s i z e s  a r e  r e q u i r e d  i n  o r d e r  t o  coo l  t h e  duc t  t i p  
us ing  h igh d e n s i t y  l i q u i d  wi th  a h igh  confidence l e v e l .  S ince  the  des ign  a l s o  
c a l l s  f o r  a v a r i a b l e  depth channel  t o  minimize coo lan t  LIP i t  is a n t i c i p a t e d  
t h a t  f a b r i c a t i o n  w i l l  be a cons ide rab le  chal lenge .  The f a c t  t h a t  a cons ider-  
a b l e  s o o t  depos i t  is expected i n  t h e  chamber makes t h e  approach very  conserva- 
t i v e  s i n c e  i t  w i l l  reduce t h e  c o o l a n t  b u l k  temperature rise, which improves 
t h e  subcool ing  which i n  t u r n  improves the  burnout f a c t o r  o f  s a f e t y .  A reduc- 
t i o n  i n  the h e a t  i n p u t  w i l l  n o t  i n f l u e n c e  t h e  coo lan t  i n j e c t i o n  v e l o c i t y  s i n c e  
the  flow is  incompress ib le  and t h e  bu lk  temperature is only  a second o r d e r  
func t ion  i n  l i q u i d  d e n s i t y .  
The d i scharge  o f  t h e  coolant  a t  an  a r e a  r a t i o  1.16 
provides  an e x t r a  50 p s i  f o r  a l lowable  d u c t  p r e s s u r e  drop s i n c e  the  l o c a l  
s t a t i c  p r e s s u r e  is  on ly  80% o r  chamber e s s u r e  o r  200 p s i a .  The requ i red  
coo lan t  supply p ressure  is 295 p s i a .  
A propane cooled duc t  w i l l  depend on bu lk  b o i l i n g  
and  two-pllase f l o w  h e a t  t r a n s f e r  which l e a d s  t o  a h i g h e r  degree  of des ign  
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uncer ta in ty .  In  p r a c t i c e  i t  may be necessary  t o  design the  dus t  t o  a h i ~ h  
l e v e l  of superheat  wi th  a c l e a n  w a l l  i n  o r d e r  t o  avoid two-phase coolant  d i s -  
charge t ~ i  t h  s o o t  f a c t o r s  apy l i ed .  ~ L C  a p p l i c a t i o n  o f  these  gas-side f o u l i n g  
f a c t o r s  can b e  expected t o  reduce t h e  h e a t  i n p u i  r a t e  t o  an  evapora to r  d u c t  bv 
a f a c t o r  of 3 however t h i s  w i l l  depend hdav i ly  on the  i n j e c t o r  design.  
The apparent  fabrication advantages of a propane 
duct  which evapora tes  the  c c z l m t  and l e a d s  t o  much l a r - e r  coo lan t  channel 
depths a t  i n j e c t i o n  (0.138-in.) is considered  t o  be  o f f s e t  by the  unknowns 
a s s o c i a t e d  wi th  the  h e a t  inpu t  r a t e s  which r e s u l t s  i n  the  i n a b i l i t y  t o  p r e d i c t  
t h e  s t a t e  of t h e  coolant  a t  i n j e c t i o n .  
(4) Cooling Concept Concl*isions 
(a)  Primary Cooling Scheme 
A l l  des igns  were f o m S  t o  be f e a s i b l e  w l t h i ~  
the  l i m i t a t i o n  of exis  r i n g  d a t a .  F u l l  r e g e n e r a t i v e  des igns  a r e  p o s s i b l e  us ing  
e i t h e r  p r o p e l l a n t ,  wi thou t  f i l m  coo l ing  and wi thout  dependency on gas-side 
s o o t  d e ? o s i t s  which can be  expected t o  reduce the  thermal loads  by a f a c t o r  of 
3. Both ducted des igns  should be ? o s s i b l e  us ing  about 7 t o  8% coo l ing  i n  a 
40 t o  45-in. long l t c t  i n  a 50-in. L '  chamber usirlg only  E 'er ra t ic  and n i c k e l  
base  a l l o y s  throughout.  
Vehicle  system t r a d e o f f  s t u d i e s  d i scussed  i n  
Sec t ion  111 show t h a t  t h e  regenera t ive  coo l ing  concept i s  s u p e r i o r  i n  terms 
of  v e h i c l e  g ross  l i f t o f f  waight .  The performance l o s s e ~  a s s o c i a t e d  wi th  the  
f u e l  dump f e a t u r e  of t h e  concepts  us ing  ducted coo l ing  overshadow t h e  f u r l  
tank p ressure  i n c r e a s e  requi red  wi th  t h e  r e g e n e r a t i v e  f u e l  copled concept . 
The* duct  cooled f lowra te  and t h e  r e g e n e r a t i v e  coo lan t  p ressure  l o s s  ranges a r e  
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indicated i n  t h i s  sec t ian .  Predicted performatlce l o s se s  due t o  the duct cooled 
dump a r e  indicated i n  Append:x B. 
In addi t ion  t o  the  above veh ic le  t radeoff  
r e s u l t s  which favor regenerat ive  cooling,  there  a r e  s eve ra l  p r a c t i c a l  con- 
s ide ra t ions  which s t rengthen t h i s  conclusion. F i r s t l y ,  the  duct cooling 
scheme should i n j e c t  l i q u i d  near the  t h roa t  plane r a t h e r  than gas. If  gas 
in jec t ion  were se lec ted ,  the  duct  channels would become b o i l e r s ,  and several  
problems a r i s e .  Flow s t a b i l i t y  i n  the  channels would not  be assured,  as the 
flow res i s tance  would be a s t rong  funct ion of the  l oca t ion  and r a t e  of gasi- 
f i c a t i o n ,  which could change with  t i m e  as w e l l  as from channel t o  channel. 
Local duct w a l l  temperature pred ic t ions  (and duct  l i f e )  would be very d i f -  
f i c u l t  t o  obta in  accurate ly .  Addit ional  ch innel  c leaning problems might a r i s e  
due t c  the  presence of higher tempe-ature coolant ,  and the  f a c t  t h a t  the phase 
dces change. F ina l ly ,  developnent of a cool ing s. eme which depends upon 
gas-side f l u i d  i n t e r ac t ions  m u s t  be more d i f f i c u l t  than those which do not .  
An example of the  problems which may be expected wi th  the  ind ica ted  l i q u i d  
f i lm th roa t  cooling of fe red  by a duct cooled design is t h a t  l i q u i d  i n j e c t i o n  
on a convex sur face  i n  the ?resence of high ve loc i ty  chamber gases :.iil prob- 
ably r e s u l t  i n  extremely rapzd entrainment of t he  f i lm coolant .  Clear ly ,  low 
mcmentum g-s i n j ec t ion  would be pre fe r red  i n  o rder  t o  mi2imize the  required 
nozzle coolant  flow ra t e .  
Regenerative cooling,  however, is a r e l a t i v e l y  
simple cooling process, which has been demonstrated, and which can be v e r i f i e d  
with simple laboratory burnout tests f o r  any set of des i red  condit ions.  This 
i s  t rue  l a rge ly  because the  gas s i d e  condi t ions  only determine the  hea t  f lux,  
and co t  a l s o  the  e f fec t iveness  of t he  cooling. 
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The combi~le t ion  regenera t  ive lducc  cooled con- 
c e p t  appears t o  be  t h e  least at tractive o f  t h e  t h r e e  s tud ied .  With t h i s  con- 
c e p t  t h e  duc t  f l o ~ :  requirements  would be  n e a r l y  as gre..t as f o r  t h e  pure duct  
cooled vers ion .  This is beczuse t h e  dump coo lan t  flow r a t e  is  determined by 
t h e  nczz le  f i l m  c o o l i n g  requirements ,  and n o t  by t h e  duct  w a l l  cool ing .  With 
RP-1, t h e  s l i g h t  change i n  f i l m  coo lan t  i n j e c t i o n  temperature n e a r  t h e  t h r o a t  
p lane  cagsed by t h e  decreased d a c t  cooled s u r f a c e  area would r e s u l t  i n  only a 
very small reduc t ion  i n  flow requirement ,  and performance l o s s .  In  a d d i t i o n ,  
t h e  r e g e n e r a t i v e l ~  cooled chamber s e c t i o n ,  whi le  reduced g r e a t l y  i n  s i z e  and 
p r e s s u r e  l o s s ,  s t i l l  e x i s t s .  
A spin-off  r e s u l t  of  t h e  s t u d i e s  is t h a t  
propace cannot be used a s  a duct  coo lan t  wi thout  supplemental  coo l ing  (e .g. ,  
regen,  o r  f i l m  coo l ing  on the duct  s u r f a c e )  i n  reasonable  l eng th  chambers 
wi thout  b o i l i i ~ g  i n  the  duc t  channels  o r  us ing  a d r e a t  excess  o f  coolant .  
(b) Fuel  Coolant Se1ectic.1 
?,-I ic r ? . ~  prcfcrrcd ccola~:: GVLY ~rc)pai' .c  d t  
t h i s  time because of the l a c k  of d a t a  and exper ience  wi th  propane a s  a coolant .  
I t  has been shown t h a t ,  f o r  r e g e n e r a t i v e  coo l ing  wi th  propane, h i g h e r  coo lan t  
v e l o c i t i e s  a r e  r equ i red  than wi th  RP-1. This  by i t s e l f  may n o t  r e p r e s e n t  a 
s i g n i f i c a n t  p r e s s u r e  l o s s  p e n a l t y ,  because of t h e  lower d e n s i t y  of l i q u i d  pro- 
pane than RP-1. Ilowever, F igures  IV-10 and IV-12 i n d i c a t e  t h a t  t h i s  may be t h e  
c a s e ,  s i n c e  a g r e a t e r  amount o f  tube  f l a t r e n i n g  would need t o  be done t o  o b t a i n  
the  same regenera t ive  p r e s s u r e  l o s s  than w i t h  RP-1. 111 a d d i t i o n ,  i t  was shown 
t h a t  f i l m  b o i l i n g  on t h e  coo lan t  s i d e  o f  the  tube w a l l  would be  requ i red  t o  
zcct thc heat [lux requirements necessary  t o  ensure  proper  tube  w a l l  tempera- 
t u r e s .  There is no r e a l  assurance  t h a t  tube f a i l u r e  would n o t  occur  dur ing  
the  t r a n s i t i o n  from n u c l e a t e  t o  f i l m  boi 1 i n g  regimes. 
Page IV-22 
LV, A ,  Thrust Chamber A n a l y s i s  (cont.) 
(c)  Film Cooling Conclusions 
It  w a s  shown t h a t  no f i lm cooling should b e  
used with the s e l ec t ed  primary cooling concept, f o r  the  same bas ic  reason t h a t  
regenerative cooling w a s  s e l ec t ed  over duct cooling. The l o s s  i n  performance 
caused by the supplemental coolant  i n j e c t i o n  increases  the  veh ic le  gross l i f t -  
o f f  weight more rapidly  than the  r e s u l t i n g  reduction i n  regenerat ive  pressure  
l o s s  reduction can decrease it .  Note t h a t  the  b a s i s  f o r  t h i s  judgement is  
t h a t  the  maximum tube wal l  temperatures would be he ld  constant  t o  conform t o  
f ixed l i f e  and weight c r i t e r i a  and requi re  d e t a i l  tube bundle design changes. 
It  is apparent t h a t  with RP-1 f i l m  cool ing (which is supe r io r  t o  the  pronans 
f i lm)  approximately one percent  supplemental cool ing is required f o r  every 
s i x  p s i  reduction i n  regenerat ive  coolant  circuit pressure  l o s s .  An over- 
whelming advantage f o r  pure regenerat ive  cooling is thus ,  ind ica ted  through 
the  vehicle  exchange r a t i o s  . 
d. Other Tradeoff S tud ies  
Three coolant  flow schemes must be evaluated when 
designing a tube bundle type regenerat ively  cooled t h r u s t  chamber. They are: 
(1) s i n g l e  pass, (2) pass and a h a l i ,  snd (3) double pass  designs.  Factors 
comcn t o  the t h r ee  tiesigns are t h a t  (1) coolant  is a v a i l a b l e  a t  the  forwarti 
end of the  engine, (2) coolant  must be fed the  e n t i r e  engine length and back, 
.q 180' turn nccessari ly  being mado by the  coolant  a t  the  nozzle e x i t ,  and 
( 3 )  the coolant  bulk temperature .ise through the  chamber w a l l  is s o  low t h a t  
cooling considerat ions  need no t  e n t e r  i n t o  flaw scheme determination. Table I V -  I V  
summarizes t h e  adwantages and disadva~.tages f o r  the  th ree  concepts. The 
se l ec t ed  flai scheme is the dcnhle pass dsafgz ,  5ccc*~se thc C Z ~ C  Sf furation 
technique is wel l  developed, and the  hot  gas s e a l i n g  problem of  the  pass and 
a half  design is recognized t o  be q u i t e  d i f f i c u l t .  
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(2) F a b r i c a t i o n  Analys is  
During Phase A, manufacturing p r o d u c i b i l i t y  analy-  
sis was conducted f o r  t h e  PPE Thrus t  Chamber. The b a s i c  c o n s i d e r a t i o n  r e l a -  
t ive  t o  these  s ties w a s  t o  develop t h e  most c o s t  e f f e c t i v e  p roduc ib le  des ign .  
. . F a c i l i t i e s .  ma L r s , f a b r i c a t i o n  p rocess ing  and t o o l i n g  were cons idered  f o r  
each cand ida te  conf i g u r z t i o n .  
ALRC's f i f t e e n  y e a r s  exper ience  i n  product ion  of  
t u b u l a r  r e s e n e r a t i v e  combustion chambers al lowed a c c u r a t e  p r o d u c i b i l i t y  analy-  
sis of t h e  PFE combustion chamber des ip - .  Each pcrenti31 f;lbrication ac thad  
was a s s e s s e d  t o  e s t a b l i s h  t h e  most c o s t  e f f e c t i v e  approach. This  a n a l y s i s  
was conducted f o r  combustion chamber des igns  having tube  q u a n t i t i e s  o f  180 
t o  400 each. 
Three f a b r i c a t i o n  methods were considered  f o r  pro- 
ducing the  tube bundle. They are: (1) a l l -b razed  tubes ,  (2) p a r t i a l  b raze  
and fus ion  weld, and (3) f u s i o n  welding. These f a b r i c a t i o n  p rocesses  were 
f 2 ; - tk .2~-  e~:lsi; i irad i n  view o f  p a s t  exper ience ,  development t i m e ,  p roduct ion  
c o s t s  , and schedul ing .  
( a )  A l l  Brazing F a b r i c a t i o n  of Tube Bundle 
An assumption was rcade when cons ide r ing  tllis 
process  that b r a z i n g  would occur  i n  t h e  temperature range o f  1700 t o  1800°F. 
Methods f o r  achieving t h i s  temperature inc luded  a hydrogen fu rnace ,  Quartz  
Lamps, Induct ion  Heating and Resis tance  Heating. Each method h a s  i t s  p a r t i -  
c u l a r  problem a r e a s ,  b u t  common t o  a l l  is t h e  c l o s e  t o l e r a n c e  between tubes  
t h a ~  i.s requi red  t o  produce a good brazed j o i n t .  Also common t o  a l l  is  t h e  
rbfftbct of g r a v i t y  which t ends  t o  p i l e  up the  b raze  a l l o v  i n  t h e  low a r e a s .  
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1 Hydrogen Furnace Heating 
- 
This concept would requi re  the construc- 
t i o n  of a hydrogen furnace of s u f f i c i e n t l y  large s i z e  t o  accept  the e n t i r e  
t h rus t  chamber tube bundle. 
Previous experience i n  f ab r i ca t ing  Ti  tan 
combustion chambers i nd i ca t e s  t h a t  gas pressure leaks a r e  not  uncommon occur- 
rences. It is reasonable t o  assume t h a t  wi th  t he  increase  i n  s i z e  of the  
boos te r  engine, the  leak problem would be aggravated. 
2 Quartz Lamp Heating i n  A i r  
- 
This concept u t i l i z e s  a mandrel on which 
the  tube,  braze a l l o y ,  and oxide reducing flux would be preplaced. Brazing 
would be l imi t ed  t o  segments of the  tube bundle and a f t e r  each braze cyc le ,  
the  mandrel would be ro ta ted  t o  expose a new segnent t o  the quartz lamps. 
Among many problems t h a t  would be 
encountered a r e :  (1) the  development of a f l u x  t h a t  would r e t a i n  its reducing 
c h a r a c t e r i s t i c s  over a r e l a t i v e l y  long high temperature hea t ing  cyc le ,  (2) 
hea t ing  both s i d e s  of t he  j o i n t  uniformly, (3) holding the  tubes i n  place 
without having cold  spo ts .  
3 I n d u c t i o n H e a t i n g i n A i r  
- 
This concept uses a mandrel wi th  induct ion 
heat ing elements s t r a t e g i c a l l y  located i n  the  mandrel under each j o i n t  t o  be 
brazed. 4 second element would be loca ted  on the  opposite s i d e  of the  j o i n t  
with a quick disconnect t o  make o r  break the  e l e c t r i c a l  connection. The 
mandrel would index around i t s  cen te r l i ne  and t h e  j o i n t s  would be brazed one 
a t  a time. 
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Along w i t h  t h e  problem of f l u x  l i f e ,  acidi- 
t i o n a l  problems would involve  proper  element des ign  t o  e l e c t r i c a l l y  couple the  
induc to r  t o  t h e  work. 
The p o s s i b i l i t y  of pass ing  an e l e c t r i c  
c u r r e n t  through two tubes  a t  a t i m e ,  u s ing  the  i n h e r e n t  e l e c t r i c a l  r e s i s t a n c e  
of the  tube m a t e r i a l ,  was cons idered  as a method o f  r a p i d l y  b r i n g i n g  the tubes  
up t o  t h e  b r a z i n g  temperature.  The concept was d i sca rded  due t o  t h e  change i n  
tube s i z e  and e l e c t r i c a l  r e s i s t a n c e .  
(b) Brazing and Welding F a b r i c a t i o n  of 
Tube Bundle 
The p o s s i b i l i t y  of  b r a z i n g  segments of  t h e  tube 
bundle,  and welding these  segments t o g e t h e r  w a s  considered.  In t h i s  concept 
1 /6  of  t h e  tube bundle would be brazed i n  a  hydrogen box-type furnace.  The 
furnace would be pos i t ioned  such a s  t o  minimize t h e  e f f e c t  o f  g r a v i t y .  Fol- 
lowing b raz ing ,  the  tube segments would be  assembled on a mandrel and jo ined 
by fus ion  welding. 
The concept ,  whi le  f e a s i b l e ,  would r e q u i r e  
almost the  same welding equipment a s  vould an al l -welded tube  bundle. The 
c o s t  o f  the  hydrogen box furnace  would be a d d i t i o n a l .  
(c )  Fabr ica t ion  by Fusion Welding 
i 
IF' 
1 OD Welding Only 
- 
A mandrel w i l l  be cons t ruc ted  s i m i l a r  t o  
t h a t  p r e s e n t l y  i n  use f o r  f a b r i c a t i n g  T i t a n  engines .  The performed tubes  w i l l  
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be layed up and TIG tacked toge the r .  Mandrel w i l l  be mounted wi th  a c e n t r a l  
p i v o t  p o i n t  (much l i k e  a teeter t o t t e r )  and s i ~ u a t e d  i n  a p i t  f o r  a c c e s s i -  
b i l i t y .  Mandrel w i l l  hard t h e  c a p a b i l i t y  of indexing around i t s  c e n t e r l i n e .  
The ac tomat ic  pulse-arc M I G  welding head w i l l  be programmed t o  weld two tubes  
a t  a t i m e  (one j o i n t ) ,  and w i l l  r e q u i r e  synchronized motion i n  the  h o r i z o n t a l  
and v e r t i c a l  d i r e c t i o n s .  The t e e t e r i n g  motion of t h e  mandrel w i l l  be sequenced 
with a motion of the  welding head to  mainta in  t h e  weld bead i n  a l e v e l  p o s i t i o n .  
This  welding concept w i l l  u t i l i z e  the  
same welding equipment used on OD welds,  w i t h  s i m i l a r  indexing dev ice ,  and 
one a d d i t i o n a l  welding p o s i t i o n e r .  The same relative motions between t h e  part 
and t h e  welding head w i l l  be r e q u i r e d  on the  I D  as w a s  performed on the  OD. 
Again a p i t  w i l l  b e  r equ i red  f o r  e a s e  o f  a c c e s s i b i l i t y .  
In ana lyz ing  t h e  o v e r a l l  c o s t  of  each of 
t h e  candidate  tube bundle f a b r i c a t i o n  methods ALRC has  s c i e c t e d  the  fus ion  
welding technique a s  be ing  t h e  most c o s t  e f f e c t i v e  wi th  t h e  h i g h e s t  confidence.  
It  i s  a n t i c i p a t e d  t h a t  OD and ID welding both  may be performed t o  enhance s a l t  
water compat ib i l i ty .  
Page IV-27 





' . : , a  . 
I . .  . , 
, . , . , \ . . 
-' . ,R " . .  ' . 
I .  
.'. . 
, , , " 1 '  . 
. . 
. . 
.. . . . -  
LV, A ,  Thrust  Chamber Analysis  ( c o n t  .) 
3. Thrus t  Chamber C o n c e ~ t  S e l e c t i o n  
Thrust  chamber q u a l i t a t i v e  and q u a n t i a t i v e  t r a d e o f f  s t u d i e s  
were d i scussed  i n  t h e  previous  s e c t i o n .  These t r a d e o f f  s t u d i e s  examined 
v a r i o u s  des ign  c o n s i d e r a t i o n s  r e l a t i v e  t o  t h e  s p e c i f i c  t h r u s t  chamber component. 
Thrus t  chamber c o n s i d e r a t i o n s  which a r e  determined by v e h i c l e  t r a d e o f f  s t u d i e s ,  
i . e . ,  c o n t r a c t i o n  r a t i o  s e l e c t i o n ,  L' s e l e c t i o n ,  nozz le  l e n g t h  and expansion 
a r e a  r a t i o  s e l e c t i o n  a r e  d iscussed jn S e c t i o n  I11 of t h i s  r e p o r t .  Through 
t h e  combination of t h e  r e s u l t s  obta ined by t h e  component a n a l y s e s  and t h e  
a p p l i c a b l e  v e h i c l e  t r a d e o f f  a n a l y s i s ,  a  s p e c i f i c  t h r u s t  chamber concept can be 
s e l e c t e d .  
The r e s u l t s  of v e h i c l e  t r a d e o f f s  and t h r u s t  chamber component 
t r a d e o f f  a r e  summarized i n  Table IV-V. 
The s e l e c t e d  t h r u s t  chamber des ign  concept is shown i n  
Figure I V - 1 .  This  concept u t i l i z e s  demonstrated des ign  techniques  and methods 
of c o n s t r u c t i o n  t h a t  a r e  supported by e x t e n s i v e  f l i g h t  exper ience .  The t h r u s t  
chamber f e a t u r e s  a conventional  DeLaval nozz le ,  two pass  r e g e n e r a t i v e  coo l ing ,  
us ing  RP-1 f u e l ,  and no supplemental  coo l ing .  The combustion chamber is 
c y l i n d r i c a l  i n  shape and uses  a  45% c o n i c a l  convergent s e c t i o n  upstream of  t h e  
t h r o a t .  The throat r a d i u s  "X" is 34.9 i n .  and t h e  convergent and t h r o a t  up- 
s tream r a d i i  a r e  112 R and 314 R, r e s p e c t i v e l y .  The combustion chamber has  a  
c o n t r a c t i o n  r a t i o  of 1.8 which r e s u l t s  i n  a 92 i n .  d i a  combustor and t h e  
chamber L '  is 50 i n .  The nozz le  des ign  is  of contoured geometry and uses  a  
120% n i n  l e n g t h  Rao contour.  Nozzle l e n g t h  is 135.5 i n . ,  a s  measured i-0- 
t h r o a t  c e n t e r l i n e  t o  nozz le  ex: t ;nozzle  e x i t  d iameter  is 167.6 i n . ,  and nozz le  
expansion r a t i o  is 6. 
The f u e l  e n t e r s  t h e  t h r u s t  chamber through two i n l e t  p o r t s  on 
t h e  f u e l  t o r u s .  Fuel flows c i r c u m f e r e n t i a l l y  around t h e  t h r u s t  chamber and 
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e n t e r s  115 down tubes through conica l ly  shaped i n l e t  po r t s .  The f u e l  flows 
a f t  through a l t e r n a t i n g  tubes and a t  expansion r a t i o  1.8:1, a tube b i fu rca t ion  
occurs and flow continues t o  t he  a f t  end t h r u s t  chamber through 230 tubes.  A t  
the  nozzle e x i t ,  a common tu rn  around manifold d i r e c t s  t h e  flow back through 
230 tubes  t o  t he  1.8:l expansion r a t i o  where the  tube b i fu rca t ion  again occurs 
and flow continues back t o  t he  t h r u s t  chamberlinjector i n t e r f a c e  through 115 
re turn  tubes. Under s teady state flow, t o t a l  pressure  drop through t h e  t h r u s t  
chamber is 40 p s i  and coolant bulk temperature r i s e  is 95 OF. The t h r u s t  
chamber is capable of operat ing i n  a t h r o t t l e  mode a t  70% of ra ted  t h ~ u s t .  
A preliminary s t r u c t u r a l  ana lys i s  was conducted on t h e  tubula r  
regenerat  i ve ly  cooled t h r u s t  chamber. The ana lys i s  is presented below. I t  
should be noted t h a t  t h i s  s t r u c t u r a l  ana lys i s ,  in conjunction with  t h e  heat  
t r a n s f e r  ana lys i s ,  permittod t h e  s e l e c t i o n  of tube w a l l  th ickness  and t h e  
number of t h r u s t  chamber tubes. I n  addi t ion ,  t h e  ana lys i s  recomme~lds t h r u s t  
chamber s t r u c t u r a l  reinforc3ment. 
a .  Thrust Chamber Preliminary S t r u c t u r a l  Analysis 
The regeneratively-cooled tubula r  t h r u s t  chamber can be 
s t r u c t u r a l l y  considered i n  t e r n s  of (1) t he  coolant  tubes themselves, and (2 )  
the  e x t e r n a l  re in forc ing  required t o  s t r u c t u r a l l y  support t he  tube bundle. 
The p r i n c i p a l  s t r u c t u r a l  considerat ions  f o r  t h e  
coolant tubes a r e :  
(1) Hoop stress ( I n t e r n a l  tube pressure) 
(2)  Thermal buckling 
(3) Low cycle  f a t i gue  and l i f e  
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The e x t e r n a l  r e i n f o r c i n g  c o n s i s t s  of (1) wi re  wrap o r  
something equ iva len t  t o  wi ths tand t h e  chamber p ressure ,  (2 )  t h r o a t  a x i a l  
r e i n f o r c i n g  f o r  s t a r t  t r a n s i e n t  and impact loads ,  and (3) r i n g  r e i n f o r c i n g  
f o r  t h e  d ive rgen t  s e c t i o n  of the nozz le  t o  wi ths tand e x t e r n a l  c o l l a p s e  loads .  
The s t r u c t u r a l  design c r i t e r i a  and range 
of des ign  cond i t ions  considered is summarized i n  Figure  IV-17,Material 
p roper ty  des ign  a l lowables ,  as a  f u n c t i o n  of tempera ture ,  a r e  shown i n  
Figure  I V - 1 8  f o r  a  candidate  tube  bundle m a t e r i a l .  
(1) Tubes 
Regenerat ive chamber tube  s t r u c t u r a l  des ign  con- 
s i d e r a t i o n s  are shown i n  Figure  IV-19. These des ign  c o n d i t i o n s  f o r  t h e  PFE 
tubes  a r e  shown i n  Figure  IV-20. The requ i red  tube  ~ / t  f o r  hoop s t r e s s  con- 
s i d e r a t i o n s  i s  h i g h e r  than t h a t  f o r  thermal  buckl ing  due t o  t h e  r e l a t i v e l y  
low tube  and chamber p ressure .  Therefore ,  F igure  IV-20 shows t h e  c r i t i c a l  
buckl ing  R / t  a s  a func t ion  of tempera ture  w i t h  t h e  des ign  a l lowable  R / t  br ing-  
ing  t h a t  curve lower by t h e  requi red  s a f e t y  f a c t o r .  I t  is h i g h l y  d e s i r a b l e  
t o  avoid thermal  buckling of t h e  t u b e s  because of i t s  l a r g e  a f f e c t  on l i f e .  
The c y c l e s  t o  f a i l u r e  curve,  as a f u n c t i o n  of  tempera ture  ( a l s o  shown i n  
Figure IV-20) assumes thermal  buckl ing  does not  t ake  p lace .  The c y c l e s  t o  
f a i l u r e  curve is based on H a s t e l l o y  C low c y c l e  f a t i g u e  d a t a  shown i n  
Figures I V - 2 1  and IV-22, and a r e s t r a i n t  c o e f r i c i e n t  of 0.8.  Ths t  is  
t 
= 0.3uAT. 
where Act = t o t a l  s t r a i n  range 
a = c o e f f i c i e n t  of thermal  expansion 
AT = Hot gas  w a l l  tempera ture  - Tbulk 
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A low c y c l e  f a t i g u e  l i f e  of one hundred a c t u a l  
thermal c y c l e s  i s  requ i red  t o  meet t h e  des ign  goa l s .  U t i l i z i n g  a s a f e t y  
f a c t o r  of f o u r  nn l i f e ,  t h e  r equ i red  des ign  thermal c y c l e s  t o  f a i l u r e  is 400. 
Fig IV-20 shows t h a t  a maximum tube  w a l l  temperature of less than 1270°F i s  
requi red  t o  meet t h i s  l i f e  requirement .  F igure  IV-10 shows t h a t  t h e  nominal 
tube  crown temperature rise p e r  f l i g h t  is approximately 3°F. A maximun prac- 
t i c a l  maintenance per iod  of 20 f l i g 5 t s  w i l l ,  t h e r e f o r e ,  r e s u l t  i n  about a  60°F 
temperature rise. The c l e a n  tube  gas  s i d e  des ign  tempera ture  should,  there--  
f o r e ,  be about 1 2 0 0 " ~ .  F igure  IV-10 shows t h a t  tube  w a l l  t t d c k n e s s  has  t h e  
major e f f e c t  upon w a l l  temperature,  and t h a t  t h e  i n d i c a t e d  t u b e  w a l l  t h i c k n e s s  
f o r  1200°F is  about 0.036 i n  Refe r r ing  aga in  t o  Figure  IV-20, i t  is seen 
t h a t  t h e  a l lowable  tube  r a d i u s  t o  w a l l  t h i c k n e s s  r a t i o  (R/ t )  i n  t h e  1200°F 
range is 13.0. S i n c e  t h e  % e a t  t r a n s f e r  d a t a  was genera ted  f o r  t h e  h ighes t  
hea t  f l u x  region ( t h e  t h r o a t  r eg ion) ,  t h e  maximum r e g e n e r a t i v e  tube  d iamete r  
a l lowable  was seen t o  be approximately 1.0 i n .  This  corresponds t o  230 tubes  
requ i red  a t  t h e  t h r o a t  f o r  t h e  s e l e c t e d  PFE t h r u s t  and chamber p r e s s u r e .  
The reduc t ion  i n  h e a t  f l u x e s  i n  both  a x i a l  d i r e c -  
t i o n s  from t h e  t h r o a t  p l a e  up t o  c o n t r a c t i o n  r a t i o  and area r a t i o  of 1.8 is 
s u f f i c i e n t  t o  a l low an i n c r e a s e  i n  R / t  a l lowable  t o  a v a l v e  of about  17. T h i s  
means t h a t  t h e  same number of t u b e s  may b e  used from t h e  i r j e c t o r  f a c e  t o  a 
nozz le  a r e a  r a t i o  i n  t h e  n e i g h b ~ r h o o d  of 1.8 t o  1. A t  t h i s  latter l o c a t i o n ,  
i t  is necessa ry  t o  i n c r e a s e  t h e  number of tubes  o r  i n c r e a s e  t h e  t u b e  w a l l  
t h i c k n e s s  i n  o r d e r  t o  r e t a i n  a l lowable  3/t values .  Although i t  is p o s s i b l e  
t o  i n c r e a s e  t h e  tube  t h i c k n e s s  somewhat a t  t h i s  p o i n t ,  t h i s  a c t i o n  greatly 
i n c r e a s e s  t h e  t h r u s t  chamber weight ,  because t h e  s p e c i f i c  w a l l  weight would 
be g r e a t e s t  i n  t h e  reg ion  of t h e  ?lajor w a l l  s u r f a c e  area ( t h e  nozz le ) .  In 
a d d i t i o n ,  t ape red  w a l l  tuhes  would be  r e q u i r e d  which l e x g t h s  exceeded f i f t e e n  
f e e t .  It was, t h e r e f o r e ,  decided t o  b i f u r c a t e  t h e  tubes  at  a r e a  r a t i o  1.8, 
us ing  460 tubes  of 0.036 in .  w a l l  t h i c k n e s s  in  t h e  e x i t  p o r t i o n  of  t h e  nozz le .  
With an e x i t  a r e a  r a t i o  a s  l a r g e  as 7.0 t o  1, t h e  tube  R / t  a t  t h e  e x i t  p lane  
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would no t  exceed those  of t h e  chamber a t  t h e  b i f u r c a t i o n .  Therefore ,  
re, ~ o n a b l y  s h o r t ,  cons tan t  w a l l  t h i c k n e s s  tubes ,  wi th  accep tab le  caper  r a t i o s  
a r e  r equ i red .  The nur:~ber of segments t o t a l  693; t h e i r  maximum OD is 1 .25  i n . ,  
and t h e  minimum OD is  0.625 i n .  I ~ l e  b i f u r c a t i o n  j o i n t  type  a n t i c i p a t e d  
involves  f o m i n g  t h e  forward ends of two ad jacen t  a f t  tubes  i n t o  I'D" shapes ,  
back t o  back, and i n s e r t i n g  them i n t o  t h e  a f t  end of t h e  s i n g l e  upstream tube .  
This  method is  l i g h t w e i g h t ,  and has  been demonstrated s u c c e s s f u l l y  when an  a l l  
~ e l d e d  attachment technique  i s  used. 
Fig- IV-I0 shows t h a t  t h i s  tube  bundle des ign  would 
r e q u i r e  70 p s i  p r e s s u r e  l o s s  i f  a l l  t u b e s  are round i n  c r o s s  s e c t i o n  a t  a l l  
a x i a l  s t a t i o n s .  T h i s  va lue  can be e a s i l y  lowered t o  t h e  va lue  shown i n  
S e c t i c n  111 by f l a t t e n i n g  +he tubes  n e a r  t h e  t h r o a t .  T h i s  dec reases  t h e  
requ i red  t a p e r  r a t i o  and t h e  AP, but  does n o t  a l t e r  t h e  t u b e  wal- tem7,:ature. 
( 2 )  Ex te rna l  Re? .lf o rc ing  
The e x t e r n a l  r e i n f o r c i n g  requi red  f o r  t h e  tube  
bundle is a  func t ion  of t h e  chamber p r e s s u r e ,  t h r u s t ,  start transient l o a d s ,  
impact l o a d s ,  and e x t e r n a l  c o l l a p s e  p ressure .  
A summary of t h e  e x t e r n a l  r e i n f o r c i n g  requ i red  f o r  
t h e  PF'E t u b u l a r  chamber is shown i n  F igure  IV-23. 
The requ i red  wire diameter  is  only  a f u n c t i o n  ol 
chamber p ressure ,  chamber d iameter ,  and m a t e r i a l .  I t  provi6es  no suppor t  t o  
t h e  tubes  f o r  a x i a l  load c a r r y i n g  capac i ty .  
Axia l  r e i n f o r c i n g  is requiro.5 at a g iven (-! at ion 
along t h e  chamber when t h e  peak load p e r  inch of circumferecce exceeds t h e  
a x i a l  load ca r ry ing  c a g a c i t y  of t h e  tubes .  For t h e  PFE chamber, t b e  loads  
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duc t o  splash down impact exceed those  due t o  t h e  start t r a n s i e n t  and a r e  
l a rge r  than can be car r ied  by the  tube handle i n  t h e  t h roa t  region. Therefore,  
a cy l ind r i ca l  s h e l l  is provided t o  t ransmit  these  loads pas t  t h e  c r i t i c a l  zone. 
External  r i ng  re inforc ing  is required f o r  t h e  
divergent s ec t ion  c f  t h e  nozzle t o  withstand ex t e rna l  atmospheric pressure  
which is l a r g e r  than t h e  pressure  i n  t h e  nozzle.  The s i z e  and spacing is a l s o  
a function of i n t e r n a l  pressure  at a l t i t u d e  because t h e  tubes must be ab l e  t o  
beam the  i n t e r n a l  pressure  across  t o  t he  s t i f f e n i n g  r ing .  The r i n g  s i z e  and 
spacing shown is typ ica l  of what is required,  howeve-, f u r t h e r  d e t a i l e d  
ana lys i s  is required before exact  s t r u c t u r a l  design recommendations could be 
made. I t  is planned t a  perform a d d i ~ i o n a l  structaral ana lys i s  i n  t he  Phase B 
port ion of t h i s  program. 
b. chnology Considerations 
During t h i s  p a q . s e t r i c  study phase it became evident 
t h a t  t he re  a r e  m. - ~ y  areas of resr  arch and t e c b o l o g y  required t o  v e r i f y  t he  
f i n a l  design configuration with  any degree of confidence of meet j t h e  
engiries ~ p e r a t i o n a l  requirements. The fo l l au ing  paragraphs d i s c u s s  a few of 
the  recommended a reas  t o  be inves t iga ted  f o r  t h e  se lec ted  pressure-fed engine 
operating condition. 
(i) RP-1 and Propane Cokhg and Varnish Buildup 
Some experimentation on W-1 coking w a s  reported ,a 
Reference 10, but was no t  conclusive as to the  cause, egg . ,  boundary l a y e r  
t:,ickness and/or Reynolds number. Very l i t t l e  i f  any d a t a  on propane w a s  
found i i .  the  l i t e r a t u r e  search;  however, it is f e l t  t h a t  cokfng is of a lesser 
problelc d i t h  pr3pane than ;(P-1. Coking o r  varnish buildvo on t h e  i n s ide  of 
t u b a  will reduct -12 cooling eff.-cciveness and r e s u l t  i n  higher  wal l  
tr.~npz-'raturzs. I t  1s necess :' , I  t o  de f ine  t h e  design criteria t o  micimize 
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coking whether it be w a l l  temperature, v e l o c i t y ,  bulk t spe rz tz re ,  3x!!cr 
composition of t he  f u e l .  
(2) Propane Burnout Heat Flux 
Gurnoit data f o r  propane was reported i n  Reference 6 
f o r  pressures  of 150 ps i a  and v e l o c i t i e s  of 1-1/2 t o  24 f t / s e c .  Addit ional  
da t a  is  required f o r  the  engine operat ing pressures  (300 ps ia )  and v e l o c i t i e s  
(40 t o  80 f t l s e c )  . 
(3) Propane Film Boi l ing 
If  propane is se l ec t ed  as t h e  Tuel, heat t r a i i s f e ~  
da t a  w i l l  have t o  be obtained t o  e s t a b l i s h  t he  f e a s i b i l i t y  of cooling the  
regenerat ively  COO! ed chamber wi th  f i l m  bo i l i ng  propane. Sc.,ne data in 
Reference 6 i nd i ca t e  t h a t  such cooling is poss ib le  wi th  propane. 
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A = flow area 
Cg = aultiplier for "hg" 
c~ = heat capacity 
D = diameter 
Hg 
= gas-side heat transfer coefficient 
hL = coolant-side heat transfer coefficient 
k = thermal conductivity 
K '  = 2-D nozzle flow correction factor 
Pr = Prandtl number 
QBO = burnolit '. . '. f l ~  
T = temperature 
V = velocity 
BT = total propellant flow 
C> = density 
p = viscosity 
SUBSCRIPT 
b = bulk 
f = film 
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I N J E C T I O N  AND IGNITION ANALYSIS 
1. I n j e c t o r  Component Analysis 
The i n j e c t o r  concept recommended for  use on the  pressure  
fed engine is a s i n g l e  u n i t ,  f lat .  face  design,  f e a t u r i r g  mul t ip le  i n j e c t i o n  
elements, and a ba f f l ed  i n j e c t o r  face. The i n j e c t o r  uses LOXIRP-1 prope l lan ts .  
Ease of manufacture (cos t  e f f e c t i v e  design) ,  concept f l e x i b i l i t y  (ease  of 
design inodificat ion),  and a b i l i t y  t o  develop the  i n j e c t o r  based on the  madu- 
l a r  i n j e c t o r  development approach are add i t i ona l  design fea tures .  An i l l u -  
s t r a t i o n  of the  i n j e c t o r  showing p r i n c i p a l  dimensions is shown i n  Figure IV-24. 
This i n j e c t o r  concept was s e l e c t e d  as the  recommended approach 
based upon the  r e s u l t s  of d e t a i l e d  eva lua t ions  and t r a d e  o f f  s tud i e s .  The 
engineering approach used t o  compare, eva lua te  and f i n a l l y  s e i e c t  the pre- 
f e r r ed  i n j e c t o r  concept was a s  follows: 
Iden t i fy  t h e  p r i n c i p a l  i n j e c t o r  considerat ions  r e q u i r i n g  
eva laa t ion ,  i . e .  , combustion scheme, i n j e c t e d  f l u i d  state, combustion s t a b i l i -  
za t ion  scheme, face  cooling scheme, i n j e c t i o n  element type,  e t c .  
I den t i fy  t he  important evaluat ion c r i t e r i a  f o r  each con- 
s ide ra t ion  based upon component and engine design requirements and engine,  
vehic le  and opera t i o u a l  cons t r a in t s  . 
Ti-nrough preliminary screen*ng me Chods , involving the  
evaluat ion of each considzrat ion aga ins t  its appropr ia te  c r i t e r i a ,  determine 
those  considerat ions  requi r ing  f u r t h e r  evaluat ion by t radeofr  s t u d i e s  and 
analvs is. 
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Conduct pa ramet r i c  t r adeof  f s t u d i e s  of  those  cons idera-  
t i o n s  r e q u i r i n g  e v a l u a t i o n  b e f o r e  t h e  concept can be s e l e c t e d .  
Nonitor  t h e  progre.:r and o b t a i n  the  r e s u l t s  of o t h e r  
engine component, and system s t u d i e s  (va lv ing,  t h r u s t  chamber, performance, 
s t a b i l i t y ,  e t c . )  and determine t h e i r  i n f l u e n c e  on the  i n j e c t o r  des ign .  
. I n t e g r a t e  t h e  r e s u l t s  of  d e t a i l e d  i n j e c t u r  t r a d e o f f  
s t u d i e s  wi th  v e h i c l e  system s t u d y  r e s u l t s  and s e l e c t  a  s i n g l e  i n j e c t o r  des ign  
concept which r e p r e s e n t s  t h e  most reasonably balanced des ign  and which a l lows 
optimized engine and v e h i c l e  conf igura t ion .  
The fo l lowing s u b s e c t i o n s  summarize t h e  r e s u l t s  of t h e  
i n j e c t o r  component a n a l y s i s .  
a .  Candidate I n j e c t o r  Concept Screening 
llle technique used t o  perform t h e  i n i t i a l  screening of 
t h e  important  i n j e c t o r  c o n s i d e r a t i o n s  involved t h e  fo l lowing s t e p s  : (1) d e t e r -  
mine the  important  des ign  c o n s i d e r a t i o n s ,  (2) determine t h e  d e t a i l e d  s c r e e n i n g  
3 ;  
f 
c r i t e r i a  us ing  t h e  NASA Guidel ines* as t h e  primary c r i t e r i a  s o u r c e ,  (3) e v a l u a t e  
t h e  d e t a i l e d  c r i t e r i a  and determine which c r i t e r i a  a r e  most r e l e v a n t  t o  each 
i q j e c t o r  c o n s i d e r a t i o n ,  (4)  s c r e e n  each c o n s i d e r a t i o n  r e l a t i v e  t o  t h e  s e l e c t e d  
c r i t e r i a ,  and (5) summarize t h e  r e s u l t s  o f  t h e  sc reen ing ,  i d e n t i f y i n g  those  
concepts which merit f u r t h e r  a n a l y t i c a l  s tudy.  
Six c o n s i d e r a t i o n s  were determined t o  b e  most impor tant  
t o  i n  jec Jr  concept s c r e e n i ~ g ,  they were: 
I ' * * (  par ing  Study P lan ,  Pressure-Fed Booster Engine, 
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I n j e c t i o n  Scheme 
I n j e c t e d  F lu id  S t a t e  
Combustion S t a b i l i t y  Concept 
Feed System Coupled S t a b i l i t y  
Face Cooling Concept 
I n j e c t i o n  Element Type 
Review of t h e  NASA Guidel ines* revealed  t h a t  a t o t a l  of 
24 c r i t e r i a  were i d e n t i f i e d ,  r ..d are p o t e n t i a l l y  r e l e v a n t  t o  t h e  i n j e c t o r  con- 
s i d e r a t i o n s  under s tudy.  These 24 c r i t e r i a  are l i s t e d  i n  Table IV-VI  a long 
wi th  t h e  i n j e c t o r  cons ide ra t ions .  As can be  s e e n  i n  Table I V - V I ,  on ly  s p e c i f i c  
c r i t e r i a  were i d e n t i f i e d  w i t h  r e s p e c t  t o  a s p e c i f i c  cons ide ra t ion .  Those 
c r i t e r i a  noted by X were s e l e c t e d  on t h e  b a s i s  of  f i r s t  assessment.  C r i t e r i a  
noted  by X were cons idered  t o  key cr i ter ia  t h a t  must be  used i n  t h e  
e v a l u a t i o n .  A s  can be seen i n  Table I V - V I ,  s i x  c r i t e r i a  were considered  essen-  
t i a l  f o r  e v a l ~ ~ a t i o n  of  t h e  i n j e c t i o n  scheme. Eight  c r i t e r i a  were found rele- 
vant f o r  the  i n j e c t e d  f l u i d  s t a t e  s c r e e n i n g ,  e i g h t  c r i t e r i a  were cons idered  
c:sst>n t i a l  f o r  proper  s c r e e n i n g  of t h e  combustion s t a b i l i t y  concept ,  four  
c r i t e r i a  dere  s e l e c t e d  f o r  e v a l u a t i o n  of feed system coupled s t a b i l i t y ,  and 
e i g h t  s e t s  of  c r i t e r i a  were s e l e c t e d  f o r  s c r e e n i n g  of t h e  f a c e  cool fng concept 
and the  i n j e c t i o n  element type .  The key c r i t e r i a  s e l e c t e d  from Table I V - V I  
were used f o r  t h e  i n i t i a l  i n j e c t o r  concept screening.  Table I V - V I I  p r e s e n t s  t h e  
d e t a i l s  c' t h e  i n i t i a l  concept screening.  The i n j e c t o r  conczpt  s c r e e n i n g  t r e e  
i l l u s t r a t e d  i n  F igure  IV-25, summarizes t h e  informat ion  shown i n  Table I V - V I I .  
The sc reen ing  tree, Figure  IV-25, shows t h a t :  
(1) S i n g l e  s t a g e  i n j e c t i o n  (combustion) is t h e  
s e l e c t e d  combustion scheme. 
-- 
*NASA Guidel ines f o r  E e p a r i n g  Study Plan ,  Pressure-Fed Booster  Engine, 
da ted  11-16-71. 
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(2 )  Liquid/Liquid  I n j e c t i o n  is  the  p r e f e r r e d  
p r o p e l l a n t  s t a t e .  
(3)  A s i n g l e  combustor u n i t  w i t h  b a f f l e  c a v i t i e s  
i s  t h e  s e l e c t e d  combustion s t a b i l i z a t i o n  
approach ( t h i s  w a s  l a r g e l y  dependent upon the  
combustion s t a b i l i t y  a n a l y s i s ) .  Note t h a t  
b a f f l e s  were s e l e c t e d  over  o t h e r  combus t i o n  
s t a b i l i t y  dev ices  because they a r e  t h e  only  
type  wi th  good damping c a p a b i l i t y  over  the  
ma1.y s e n s i t i v e  f requenc ies  which occur  i n  a  
combustor o f  PFE s i z e .  
( 4 )  Phase s t a b i l i z a t i o n  w a s  s e l e c t e d  over  ga in  
s t a b i l i z a t i o n  f o r  f eed  system coupled com- 
b u s t i o n  s t a b i l i t y  schemes ( r e s u l t i n g  from 
combus t i o n  s t a b i l i t y  a n a l y s i s ) .  
(5) I n j e c t o r  f ace  coo l ing  would br  f u r t h e r  s t u d i e d  
cons ide r ing  both  f u e l  and o x i d i z e r  a s  coo lan t s .  
( 6 )  Mul t ip le  O r i f i c e  Element Designs would be 
examined us ing  q u a n t i t a t i v e  t r s d e o f f  a n a l y s i s .  
b.  Tradeoff S tud ies  
The second major s t e p  i n  t h e  p u r s u i t  of t h e  b e s t  i n j e c -  
t o r  des ign  concept f o r  t h e  PFE w a s  t h e  performance of a n a l y t i c a l  t r a d e g f f  
s t u d i e s  by both q u a n t i t a t i v e  and q u a l i t a t i v e  methods. Q u a n t i t a t i v e  t u d i e s  
included pa ramet r i c  performance s t u d i e s  t o  determine t h e  e f f e c t s  of element 
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t y p e ,  t h r u s t  pe r  element ,  chamber l e n g ~ ; , ,  ~ t c . ,  on d e l i v e r e d  performance and 
p ressure  schedule .  These d i g i t a l l y  computed numerical  r e s u l t s  are presented  
i n  Appendix B. They were u t i l i z e d  i n  v e h i c l e  system t r a d e o f f  s t u d i e s  t o  
determine optimum ranges f o r  independent parameters ,  such a s  those  l i s t e d  
above. These vehicle-based ~ r a d e o f f s  are d i scussed  i n  Sec t ion  111 . They 
form t h e  b a s i s  f o r  such important  va lue  s e l e c t i o n s  as t h e  o v e r a l l  !-njector 
s i z e ,  number of elements ,  e t c .  
Q u a l i t a t i v e  s t u d i e s  d i scussed  i n  t h i s  s e c t i o n  inc lude :  
f l u i d  flow, weight and s t r u c t u r a l ,  f a b r i c a t i o n ,  coo l ing ,  maintenance, rel i -  
a b i l i t y ,  and s t a b i l i t y .  The r e s u l t s  o f  t h e s e  s t u d i e s  d i c t a t e d  t o  l a r g e  degree 
the  i n j e c t o r  des ign  concept d e t a i l s  by i n d i c a t i n g  t h e  lowest  weight ,  c o s t  
e f f e c t i v e ,  e a s i l y  developed, lowest  u n i t  c o s t  i n j e c t o r  type which would suppor t  
s t a b l e  combustion, be  e a s i l y  maintained,  arid b e  w e l l  cooled enough t o  be reusab le  
with high performance a s  requi red .  
(1) Engine I n t e r f a c e  Considera t ions  
I n t e r f a c i n g  wi th  o t h e r  engine  component groups 
allowed the  i n j e c t o r  des ign  t o  proceed w i t h  confidence t h a t  a l l  engine com- 
ponents were be ing s imul taneously  optimized. The r e s u l t s  of i n t e r f a c e  o p t i -  
mizat ions  wi th  o t h e r  engine  components a r e  p resen ted  i n  Table I V - V I I I .  
I n  a d d i t i o n  t o  t h e  p resc reen ing  i n p u t ,  t h e r e f  ore ,  
t h e  fol lowing i n j e c t o r  d e t a i l s  were e s t a b l i s h e d :  
1. The i n j e c t o r  w ~ u l d  be  c e n t r a l l y  suppor ted  
by a gimbal block.  
2. The i n j e c t o r  would employ b a f f l e s  on i ts  
face .  
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3. Two f u e l  i n l e t s  and two o x i d i z e r  i n l e t s  
would be  used. 
4 .  No c o n s i d e r a t i o n  would be given t o  pres-  
s u r a n t  heat ing .  
(2 )  F a b r i c a t i o n  Analysis  
I n d i v i d u a l  q u a l i t a t i v e  s tudy  r e s u l t s  were then  
reviewed, commencing wi th  a mailufacturing p r o d u c i b i l i t y  a n a l y s i s .  The b a s i c  
c o n s i d e r a t i o n  was t o  develop t h e  nos t c o s t - e f f e c t i v e  producible  des ign ,  which 
m e t  t h e  aforementioned program requirements .  F a c i l i t i e s ,  m a t e r i a l s ,  f a b r i -  
catior? process ing ,  and t o o l i n g  were considered  f o r  each cand ida te  conf igura t ion .  
Three b a s i c  des ign  c o n f i g u r a t i o n s  were considered  
f o r  t h e  i n j e c t o r .  They a r e :  (1) modular, (2) convent ional  f u l l  p a t t e r n  
(multi-channel face  r i n g  t y p e ) ,  and (3) convent ional  f u l l  p a t t e r n  ( i n d i v i d u a l  
e lemen t type ) . 
(a )  Modular 
Modular d e s i p  concepts  were cons idered  w i t h  
groupings of c i r c u l a r ,  t r i a n g u l a r ,  hexagonal and square  elements .  
F a b r i c a t i o n  of  s m a l l  modular subassemblies  is 
the  i n h e r e n t  p r o d u c i b i l i t y  advantage of ^ h i s  des ign  concept ,  however t h i s  is  
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(b) Conventional Fu l l  Pa t t e rn  (mult i-channel 
face  r i n g  type! 
This design conf igurat ion was e l iminated e a r l y  
i n  th; ana1y:ical screening due t o  the  gr,-ss amount of groove machining, f ace  
r i ng  w e l d i n g  and o r i f i c e  pa t t e rn  f ab r i ca t ion  cost  and lead t i m e  requircmcnts. 
( c j  Conventional Fu l l  Pa t t e rn  ( ind iv idua l  
element type) 
ALRC's s e l ec t ed  design conf igurat ion encom- 
passes many producable concepts which j u s t i f y  i t  as being the  most cos t  
e f f e c t i v e .  
The design u t i l i z e s  simple raw mater ia l  forms, 
i . e . ,  r i ng  forgings ,  p l a t e  and shee t  s tock ,  thus minimizing lead time and ove ra l l  
material cost .  
The s t r t l c t u r a l  we-ldmei~t concept e l imina tes  the  
requirement f o r  complex th ree  dimensional machicins of high cost  forgings.  
Furnace brazing the  s t r u c t u r a l  elements of the jc jkc-tor is outs ide  cur ren t  
experience ran,e became of the  d i f f i c u l t  to lerance cont ro l  on very l a rge ,  
keated components. Tne s i n g l e  element design lends i t s e l f  t o  high production 
f ab r i ca t ion  techniques and s r e c i s e  o r i f i c e  s i z e  cont ro l .  
Assembly of these  elements i n t o  t he  i n j e c t o r  
body w i l l  b e  accomplished by automatic o r b i t i n g  type weld equipment. Weld 
i n t e g r i t y  w i l l  be v e r i f i e d  by des t ruc t ive ly  t e s t i n g  represen ta t ive  samples 
which a re  produced with the  same equipment and predetermined schedules used 
on the  production \ardware. Production welds w i l l  be inspected uslng s tanddrd 
:\IJKC XDT technicIties. An o p t i o n a l  element assembly method is furnace brazing.  
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I V ,  C ,  I n j e c t i o n  a ~ d  I g n i t i o n  Analysis  ( con t . )  
The r e l a t i v e l y  small element dimension3 a l low good j o i n t  c o n t r o l ;  s e v e r a l  fur -  
naces are a v a i l a b l e  t o  handle  a PFE s i z s  i n j e c t o r .  Coaxial  e l e m e l t s  were 
succe , f u l l y  brazed i n t c  t h e  M-1  i n j e c t o r .  
( 3) S t r u e  t u x a l  Analys is  
The m a t e r i a l  - o s t  a r  ' l ead  t i n e  advantages mentioned 
above l a r g e l y  r e s u i t  from ike d e b i s i o n  t o  use head-end gimbaling. A f l a t  f acc  
i n j e c t o r  des ign  can t ake  f u l l  advantage of the  a v a i l a b i l i t y  of ( f l a t )  p l a t e  
s t o c k ,  as w e l l  a s  the  s e l e c t k d  c y l i n d r i c a l  chamber shaps ,  wi th  r e s p e c t  t o  
cl-mber c m p a t i b i l i t y  and element fan  momentum r e s u l t a n r - . .  However, a  f l a t  
f ace  desigr. is n o t  n e c e s s a r i l y  t h e  obvious choice   fro^ a s t r u c t c r e / w e i g h t  
s t andpo in t .  The pre-mary s t r u c t u r a l  requirements  of an i n j e c t o r  a r e :  (1)  t o  
wi ths tand i n t e r n a l  f u e l  and o x i d i z e r  manifold p r e s s u r s s ,  ( 2 )  t r ansmi t  chamber 
p r e s s u r e  and t h r u s t  l o a d s ,  and (3) have s e f f i c i e n t  thermal f a t i g u e  l i f e  i n  t h e  
i n j e c t o r  f ace  and b a f f l e s  . 
The d e s i r a b l e  s t ~ u c t u r a l  shape of t h e  i n j o c t o r  i s  
a func t ion  of where t h e  t h r u s t  is  reac ted .  When head end bimbaling is u t i -  
l i z e d  a  "plate-type" i n j e c t o r  can be u t i l i z e d  because of t h e  ba lancing e f f e c t s  
of t h r u s t  and chamber p ressc re .  I f  some freedom of choice  as t o  t h e  d iameter  
and width of  t h e  t h r u s t  t ake  ou t  r e a c t i o n  is a v a i l a b l e ,  a  r e l a t i v e l y  law weight 
s t r u c t u r e  can be o ~ t a i n e d  w i t h  a f l a t  i n j e c t o r  design.  This  is e s p e c i a l l y  
t r u e  when t h e  engine l e n g t h l v e h i c l e  weight exchange f a c t o r  is  consider  :d. If 
methods o t h e r  than head m a  s imbal ing  a r e  employed, tl-en d ished o r  dome 
shaped i ~ j e c t o r s  become neces ia ry  t o  t r ansmi t  t h e  chamber p r e s s u r e  e f f i c i e n t l y  
t o  th? o u t s i d e  diameter .  
A f l a t  faced i n j e c t o r  desig.1,  t h e r e f q r c ,  was 
s c l c ~ c t e d ,  based up011 c o s t ,  chamber compatibility, a11tl because of  the \I' 
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m c : t l , c ) c l ,  w i tlrout s ign  i f icant  vehic le  weight penal ty ,  i f  any. Thermal and 
s t r u c t u r a l  d iscuss ions  r e l a t i v e  t o  i n j e c t o r  face  cool ing and prope l lan t  p r e s -  
su re  induced loads are discussed i n  Sect ion IV,B,l,c. 
(4) I n j e c t o r  Baf f le  Considerations 
(a )  Damping 
Resul ts  of combus t i o n  s t a b i l i t y  analyses  con- 
ducted f o r  the  PFE are reported i n  Sect ion V,C, l .  A s  a r e s u l t  of  t h i s  vork and 
the  concept screening presented i n  Sect ion I V , B , l , a ,  i t  w a s  determined t h a t  in jec-  
t o r  face  mounted b a f f l e s  are very e f f e c t i v e  damping devices f o r  combustion cham- 
be r s  cf  PFE s i ze .  The use of  reasonable b a f f l e  pocket s i z e s  and depths can 
r e s u l t  i n  an acous t ic  damping rate twice as grea t  as an empty chamber of the  
same s i z e .  The r e s u l t a n t  b a f f l e  s i z e  is s u f f i c i e n t l y  small t o  prevent the  
es tablishrnent of l o c a l  modes of combustion i n s t a b i l i t y  wi th in  the  pockets. 
Of course,  the  b a f f l e s  a l s o  phys ica l ly  block the  s e v e r a l  modes near  the  sens i -  
t i v e  frequency i n  t h e  chamber region bounded by the  i n j e c t o r  face  and the  
b a f f l e  t i p s .  Increasing the  b a f f l e  a x i a l  length has,  there fore ,  two bene- 
f i c i a l  s t a b i l i z i n g  e f f e c t s :  (1) increase  the  acous t i c  damping r a t e  of a l l  
s e n s i t i v e  frequencies wi thin  the  e n t i r e  chamber, and (2) increase  the  per- 
centage of the  t o t a l  energy release due t o  combustion which occurs wi thin  the  
b a f f l e  pockets. Unfortunately, however, the  leng th  o f  the  b a f f l e  blades 
a f f e c t s  both the  b a f f l e  weight and cool ing requirements. 
(b)  Weight 
Preliminary weight estimates ind ica t e  t h a t  the 
b a f f l e s  must be fabr ica ted  s t r u c t u r e s  r a t h e r  than e s s e n t i a l l y  s o l i d  mater ia l .  
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face attachment po in t s ,  regardless  of whether they a r e  mutually a t tached o r  
no t ,  in  o rder  t o  with5 tand pocket p ressure  d i f f e r e n t i a l s  during i g n i t i o n ,  
e t c .  Even tapered b a f f l e s ,  there fore ,  have s i g n i f i c a n t  c ros s  s ec t ions .  A s  
the t o t a l  running length of b a f f l e  blades  is i n  excess of e igh ty  f e e t ,  the  
t o t a l  b a f f l e  volume is la rge .  So l id  m e t a l l i c  b a f f l e  weight would exceed 
1500 pounds, whereas t h a t  fabr ica ted  assemblies could be held  t o  a more 
reasonable value of l e s s  than 500 pounds. 
(c)  Length 
Regardless of the  f ab r i ca t ron  method , the  
2 
cooled b a f f l e  sur face  area w i l l  exceed 180 f t  as presen t ly  envisioned. While 
b a f f l e  cooling techniques are w e l l  known and demonstrated, the  amount of 
coolant required,  and the  performance l o s s  r e s u l t i n g  a r e  items of major con- 
cern,  a s  they a r e  f o r  any l a rge  chamber o r  face  mounted device. Fortunately,  
the  b a f f l e  length quest ion problem has a rap id ly  convergent so lu t ion .  The 
b a f f l e  weight a s  we l l  as cooling requirements increase  non-l inearly with blade 
a x i a l  length.  On the  o the r  hand the  add i t i ona l  acous t i c  damping provided by 
increas ing  blade lengths  beyond a c e r t a i n  c r i t i c a l  length decreases non- 
l i n e a r l y .  The c r i t i c a l  length t s  a function of the  i n j e c t o r  p a t t e r n ,  as d i s -  
cussed i n  Section VC1. In  addi t ion ,  the  combustion energy r e l ea se  r a t e  
decreases non-linearly with chamber length a f t e r  a c r i t i c a l  L ' ,  and t h i s  
length a l s o  depends upon the  i n j e c t o r  pa t te rn .  Therefore, the  r eq~ l i r ed  b a f f l e  
length can be determined when the  exact  i n j e c t o r  pa t t e rn  is determined. 
(d) Baff le  Cooling 
Baf f le  cooling concepts were examined f o r  
a p p l i c a b i l i t y  t o  the PFE; the  r e s u l t s  a r e  presented i n  b a f f l e  coolant  screen- 
ing t r e e ,  Figure IV-26. Passively cooled ( ab l a t i ve )  b a f f l e s  were e l iminated 
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from considerat ion because of t h e i r  l imi ted  reuse, high material c o s t  and 
weight. Supplementary f i lm cooling was found t o  lwer performance without 
e l imina t ing  the  need f o r  replacement . Active cool ing schemes considered 
included t r a n s p i r a t i o n ,  regenerat ive  dump, and pure regenerat ive  cooling. 
Supplemental cool ing was a l s o  considered f o r  use wi th  t h e  lat ter  two concepts. 
The purpose of supplemental cool ing is t o  
lower the  gas recovery temperature a t  t he  gas s i d e  w a l l .  This can be done i n  
two ways. Barrier cooling is a method which is o f t en  employed, but  is gener- 
a l l y  u t i l i z e d  i n  combination wi th  o t h e r  techniques. In t h i s  case the  orie:.ta- 
t i o n  and/or mixture r a t i o  of  the  i n j e c t i o n  eleme~~ts nea re s t  the  w a l l  a r e  
a l t e r e d  t o  provide coole r  (usual ly  f u e l  r i ch )  gases nea r  the  w a l l .  The f i lm 
cool ing approach involves i n j e c t i o n  of one o f  the  p rope l l an t s  (usual ly  f u e l )  
d i r e c t l y  upon and along the  gas s i d e  w a l l .  Both methods have two f a i l i n g s ;  
(1) they induce mixture r a t i o  d i s t r i b u t i o n  performance l o s s e s  i n  approximate 
proport ion t o  the  amount of coolant  used, and (2) s i n c e  the  cool boundary 
tt  gases mix with  the  h o t t e r  core1' gases the  cooling e f f ec t iveness  decreases 
rap id ly  with length.  
Dump coolirig is a t t r a c t i v e  because i t  e l i m i -  
n a t e s  two problems assoc ia ted  wi th  pure r e ~ + ? n e r a t i v e  b a f f l e  cooLing. F i r s t ,  
i t  requi res  no sepa ra t e  baz f l e  i n l e t  manifolding, the  coolant  being drawn 
from the  normal i n j e c t o r  c i r c u i t s  and i n j e c e d  downstream a t  t he  b a f f l e  t i p s .  
Secondly, i t  causes no add i t i ona l  syst-em prl: s s u r e  l o s s  i n  the  coolant  pro- 
p e l l a n t  c i r c u i t ,  because the  b a f f l e  cool ing pressure  l o s s  is i n  p a r a l l e l ,  
r a t h e r  than i n  s e r i e s ,  with the  main i n j e c t i o n  c i r c u i t .  
Dump cooltng normally has two bad f ea tu re s ,  
however, one similar t o  regenerat ive  coolrng, and one t o  f i lm  cooliag.  Tile 
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I V ,  8, In j ec t ion  and Ign i t i on  Analysis (cont.) 
as does f i lm cooling. This technique a l s o  app l i e s  the  maximum thermal g rad ien t  
induced s t r a i n s  to the  b a f f l e  w a l l ,  by inducing a high hea t  f l u x  and thermal 
gradient  ac ross  i t .  This can limit the  thermal cycle  f a t i g u e  l i f e  of the  
b a f f l e .  A s i m i l a r  problem appears t o  e x i s t  f o r  a regensra t ive ly  cooled t h r u s t  
chamber, bu t  the  condi t ions  are d i f f e r e n t .  The use of round coolant  ca r ry ing  
tubes increases  the f a t i gue  l i f e  (over t h a t  of a flat-bottomed duct)  by pro- 
viding s t r u c t u r e  f l e x i b i l i t y  i n  one d i r e c t i o n ,  and reducing the  s t r a i n  by a 
bending reac t ion .  Tubular construct ion could be used f o r  dump cooled b a f f l e s  , 
but  t h i s  increases  the  t o t a l  gas s i d e  wal l  area t o  be  cooled by about 50% over 
a f l a t  surfaced blade,  and can thereby increase  the  dump coolant  flow r a t e  
r equ i r~men t s ,  and a t tendant  performance losses .  
There is one dump cooled b a f f l e  blade concept, 
however, which appears t o  g rea t ly  mi t iga t e  the  aforementioned dump cooled blade 
problems. That is t o  dump cool wi th  the  ox id i ze r  and use generous supplemental 
f u e l  f i lm cooling.  There a r e  s eve ra l  advantages t o  t h i s  concept, which render 
i t  a t t r a c t i v e  enough t o  emerge as the  s e l ec t ed  b a f f l e  cooling concept. 
These advantages are: 
1 - The f u e l  f i lm  coolant  can be used t o  lower 
the boundary l a y e r  gas s l d e  recovery temperature t o  render the  ox id izer  an 
acceptable dump regenerat ive  coolant .  
2 The ox id i ze r  flow r a t e  through the  b a f f l e  
- 
w i l l  need t c  . g r e z t e r  than the  corresponding f u e l  dump regen flow; s e l e c t i n g  
an oxidizer  , l o w  r a t e  approximately 2.5 times t h a t  of the  fue l  f i lm  coolant  
w i l l  allow f u e l  f i lm and the  ox id izer  dump coolant  flows t o  be reacted near  
the  b a f f l e  t i p  a mixture r a t i o  near  t h a t  of the  engine. 
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3 The less v o l a t i l e  of  the  two prope l lan ts  
- 
( f u e l ,  i n  the  case of RP-1) w i l l  be vaporized by the  t i m e  i t  reaches the  b a f f l e  
t i p ,  s o  t h a t  the  region near  the  b a f f l e  t i p  resembles a blade type gas l l i qu id  
i n j e c t o r .  As t h i s  p a r t i c u l a r  type of i n j e c t i o n  with  these  prope l lan ts  r e s u l t s  
i n  minimum vaporizat ion t i m e  and chamber length,  the  chamber leng th  require-  
m e n t s  f o r  high energy r e l ea se  e f f i c i e n c y  is s i g n i f i c a n t l y  less than f o r  the  
l iquid/ l iqui-d  i n j e c t i o n  occurr ing at  the  i n j e c t o r  face.  This says  t h a t  there  
is good reason t o  be l i eve  t h a t  the  chamber length remaining from the  b a f f l e  
t i p  t o  the  t h roa t  plane w i l l  be s u f f i c i e n t  t o  allow high energy re lease  e f f i -  
ciency from the  b a f f l e  coolant  conhustion. 
4 It appears t h a t  less than twenty percent  
- 
of the  prope l lan t  flow would be needed t o  cool the  b a f f l e s ,  and t h i s  is a suf-  
f i c i e n t l y  small quant i ty  of  energy release t o  assure  the  e f f ec t iveness  of the  
b a f f l e s  f o r  combustion s t a b i l i t y  control .  
Tht=se considerat ions  are highly r e  levant  , 
because, b a f f l e  f i lm cooling analyses show t h a t  with f u e l  f i l m  cool ing only,  
the PFE s i zed  blades would requi re  more than 25 percent  of the  t o t a l  f u e l  
flow. The performance lo s se s ,  on the  o the r  hand, become excessive above 
5 percent  fue l  f i lm c ~ o l i n g  in j ec t ion .  
It is f e l t  t h a t  ox id izer  dump cooling of 
b a f f l e  blades is a reasonable concept because: 
1 The presence of reduced gas boundary 
- 
l aye r  recovery temperature due t o  f i lm cooling,  the  p a r a l l e l  na ture  of the 
pressure drop, and the  ex is tence  of some flow r a t e  f l e x i b i l i t y  allows the  
o s i d i z e r  t o  overcome i t s  normal burnout and bulk temperature r i s e  problems 
as a coolant .  
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2 The L a f f l e  can be designed s o  t h a t  t h e  
- 
o x i d i z e r  channels are s t r a i g h t ,  and as such,  become c leanab le  a s  e longated  
i n j e c t i o n  o r i f i c e s .  
3 Oxidizer  r e g e n e r a t i v e  i n j e c t i o n  face  cool- 
- 
ing  has been used i n  f l i g h t  engines  wi tbout  ox ida t ion ,  burnout hazard ,  o r  g ross  
l o s s  i n  performance due t o  MRD l o s s e s ,  o r  flcr.; i n s t a b i l i t y .  
c. I n j e c t o r  Concept S e l e c t i o n  
The recommended i n j e c t o r  concept w a s  s e l e c t e d  on the  
b a s i s  of  s p e c i f i c  component t r a d e o f f  s t u d i e s  and s e l e c t e d  eng ine /veh ic le  t r ade -  
o f f  ana lyses .  The p rev ious  s e c t i o n  p r e s e n t s  t h e  s p e c i f i c  component s t u d i e s  
and Sec t ion  111 p r e s e n t s  t h e  e n g i n e l v e h i c l e  t r a d e o f f  s t u d i e s .  A t a b l e  sum- 
mar iz ing  the  r e s u l t s  o f  both  type  of t r a d e o f f  s t u d i e s  and i n d i c a t i n g  t h e  
s e l e c t e d  c o n s i d e r a t i o n s  and t h e  major advantage o f  each s e l e c t i o n  is pre- 
sen ted  i n  Table IV-IX. 
The i n j e c t o r  concept  recommended f o r  use on t h e  p r e s s u r e  
fed engine is  a  s i n g l e  u n i t ,  f l a t  f a c e  des ign  f e a t u r i n g  m u l t i p l e  i n j e c t i o n  
elements  and a  b a f f l e d  i n j e c t o r  face .  The p r o p e l l a n t s  used w i t h  t h i s  i n j e c t o r  
a r e  LOX/RP-1. Ease of manufacture,  concept f l e x i b i l i t y  and t h e  a b i l i t y  t o  
develop t h e  i n j e c t o r  based on t h e  modular i n j e c t o r  approach are added des ign  
f e a t u r e s .  An i l l u s t r a t i o n  of  t h e  i n j e c t o r  showing p r i n c i p a l  dimensions is 
shown i n  Figure  IV-24, a  2  s h e e t  drawing. Addi t iona l  i l l u s t r a t i o n s  s h o r i n g  
d e t a i l s  o f  t h e  i n j e c t o r  a r e  p resen ted  on s h e e t  2 .?f Figure IV-24 and Figure IV-27 
expanded view of  i n j e c t o r ,  and F igure  IV-28, b a f f l e  d e t a i l s .  
The i n j e c t o r  h a s  an a c t i v e  f a c e  d iameter  of 92 inches .  
This  diameter  r e s u l t e d  from t h e  v e h i c l e  r e l a t e d  op t imiza t ion  of t h r u s t  chamber 
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ccn t rac t ion  r a t i o .  There a r e  1200 a c t i v e  elements on the  in jector-face-each 
p~ ducing the  equivalent  of 1000 l b  of  thrlrst .  I n j e c t o r  elements have the 
p o t e n t i a l  of being mass produced screw maci~ine manufactured p a r t s .  Some repre- 
s e n t a t i v e  i n j e c t o r  element p a t t e r n s  are shown on shee t  2 of Figure IV-24 and 
Figure IV-29. A s  the  elements a r e  made as ind iv idua l  p a r t s  they a r e  individu- 
a l l y  inspected before  being welded i n t o  the  i n j e c t o r  face p l a t e  and back p l a t e .  
This cos t  a f f e c t i v e  approach does n e c e s s i t a t e  a weld t o  e x i s t  between the  fue l  
and ox id izer  c i r c u i t .  Elimination of the  inner  p rope l lan t  weld is poss ib le  
however, and two methods a r e  i l l u s t r a t e d  i n  Figure IV-29. 
Fifty-one b a f f l e  c a v i t i e s  e x i s t  on the  i n j e c t o r  face.  
The b a f f l e  c a v i t i e s  are formed from a hub and blade arrangement. A l l  b a f f l e  
c a v i t r e s  a r e  14 inches high. Several  opt ions  a r e  ava i l ab l e  wi th  respec t  t o  
b a f f l e  cooling and two of these are shown i n  Figure IV-24. One method uses 
ox id izer  a s  a dump coolant ,  the  ox id izer  flows through channels located wi thin  
the  wall  of the  shee t  metal b a f f l e ,  and f u e l  f i lm coolant  i s  in j ec t ed  from t t ~  
i n j e c t o r  on the  e x t e r i o r  b a f f l e  sur faces .  The ox id izer  is i n j e c t e d  a t  the  
b a f f l e  t i p  where i t  comes i n  contact  wi th  the  f u e l  f i lm coolant .  Sma l l  per- 
formance losses  r e s t l t  when t h e ' b a f f l e  coo lan t  can be "burned off"  a t  t h e  
b a f f l e  t i p .  Another method a l s o  uses ox id i ze r  i n j ec t ed  from the b a f f l e  t i p ,  
however, the  ox id izer  is not  used t o  dump cool  the  b a f f l e  su r f aces  (ox id izer  
is ca r r i ed  d i r e c t l y  from the  ox id i ze r  manifold t o  the  b a f f l e  t i p ) .  The f u e l  
f i lm  coolant  cools the  s o l i d  shee t  metal sur face  of t he  b a f f l e  and r e a c t s  
with the ox id izer  a t  the  b a f f l e  t i p .  Again, small performance lo s se s  r e s u l t .  
I n j e c t o r  face  cool ing is accomplished by flowing Cue1 
across  the in jec to-  face  i n  a  r a d i a l  d i r e c t i o n  ac 25 f t / s e c .  Fuel re turn ing  
from the th rus t  chamber e n t e r s  the  i n j e c t o r  a t  i t s  per iphery.  The f u e l  
flows r a d i a l l y  inward betwe-:, face  p l a t e  and back p l a t e  and i n  the  process 
flows a r ~ u n d  the element pos t s  which j o i n  the  two p l a t e s .  The tapered sur face  
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of  t h e  backp la te  keeps face  coo lan t  ( f u e l )  flow v e l o c i t y  cons tan t .  A t  everv 
p o s t  (element) some f u e l  flows o u t  of t h e  f u e l  w i f i c e s  and mixes wi th  the  
o x i d i z e r  a t  t h e  i n j e c t o r  face .  
The i n j e c t o r  o x i d i z e r  c i r c u i t  has  two i n l e t s ,  and an 
o x i d i z e r  va lve  i s  a t t a c h e d  t o  each i n l e t .  The o x i d i z e r  flow d i r e c t i o n  i n  the  
i n j e c t o r  manifold is  j u s t  t h e  r e v e r s e  o f  t h e  f u e l  flow d i r e c t i o n ,  i .e . ,  oxi -  
d i z e r  flow moves from t h e  c e n t e r  of  t h e  i n j e c t o r  t o  t h e  i n j e c t o r  o u t s i d e  
diameter .  This flow scheme permi ts  a  minimum manifold volume t o  e x i s t  down- 
s t ream of  the  o x i d i z e r  va lve .  
A s  can be seen i n  Figure  IV-24 and i n  Figure IV-27 oxi-  
d i z e r  and Euel sources  a r e  a v a i l a b l e  a t  every  p o i n t  o v e r  t h e  i n j e c t o r  face .  
This  permi ts  a g r e a t  degree of f l e x i b i l i t y  r e l a t i v e  t o  element p lacemer~t ,  
th rus  t /e lement  and t o t a l  number of e lements ,  b a f f l e  arrangement and l o c a t i o n .  
I n  3 the r  words, the  b a s i c  i n j e c t o r  concept h a s  a h igh  p o t e n t i a l  t o  accommodate 
change. This f e a t u r e  can be very  impor tant  i n  an i n j e c t o r  development program. 
Also,  the  i n d i v i d u a l  b a f f l e d  c a v i t i e s  are of n e a r  uniform geometry. I n i t i a l  
thoughts a r e  t h a t  t h e  i . ~ i t i a l  i n j e c t o r  development program would c e n t e r  around 
development of a  s i n g l e  (modular) b a f f l e  c a v i t y .  This  approach has d e f i n i t e  
c o s t  advantages and a t  t h e  same t i m e ,  does n o t  have a s  an end r e s u l t  a c l u s t e r  
of  independent i n j e c t o r  (combustor) subassemblies  which must be i n t e g r a t e d  
i n t o  a  f i n a l  assembly and connected t o  f u e l  and o x i d i z e r  manifolding systems,  
main s t r u c t u r a l  members, e t c .  
F igure  IV-27 p r e s e n t s  an  expanded view of the  i n j e c t o r  
t o  a i d  i i .  t he  understanding o f  the  i n j e c t o r ' s  p h y s i c a l  c o n s t r u c t i o n  and flow 
scheme. This  view shows t h e  b a f f l e  hubs and b lades  which a r e  a t t a c h e d  t o  the 
face  p l a t e ,  I t  is seen t h a t  t h e  i n j e c t o r  elements  a r e  "sandwiched" between 
the  face  p l a t e  and the  back p l a t e .  Note t h a t  t h e  elements  a r e  shown a s  
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individual  screw machine p a r t s  which would be welded i n t o  the  face-plate and 
back p l a t e  ( f i n a l  design could e l imina te  welding i f  s o  des i red) .  Also Located 
between the  face  p l a t e  and back p l a t e  is  the  hypergol i g n i t e r  d i s t r i b u t i o n  cir-  
c u i t .  This i g n i t e r  c i r c u i t  is  loca ted  e n t i r e l y  wi thin  the  f u e l  :-rcuit of the 
i n j e c t o r .  
Attached t o  the  back p l a t e  a r e  twelve gussets .  These 
gussets  provide a  main s t r u c t u r a l  reinforcement f o r  the  l a rge  diameter in jec-  
t o r .  Note t h a t  the  gussets  a l s o  a t t a c h  t o  the  main i n j e c t o r  f lange a s s e d l y ,  
i . e . ,  the f lange t h a t  provides f o r  i n j e c t o r  f u e l  i n l e t  and forms the  i n j e c t o r  
chamber i n t e r f ace .  
The ox id i ze r  dome is  designed t o  be pos i t ionrd  over the  
gussets  and the  dome is s l o t t e d  t o  permit the  gussets  t o  protrude through the  
dome. The dome is shaped and i s  s o  loca ted  wi th  respect  t o  t he  back p l a t e  t o  
provide f o r  uniform oxid izer  flow ve loc i ty .  The dome is welded t o  the  main 
f lange and gussets .  In add i t i on  t o  its d i s t r i b u t i o n  of ox id izer ,  the  dome 
functions as the  main th rus t  take ou t  s t r u c t u r e .  gimbal support  s t r u c t u r e ,  and 
ox id izer  valve mounting platform. Figure IV-27 a l s o  i l l u s t r a t e s  a  cen te r  tube, 
gimbal pad and i g n i t e r  c i r c u i t  i n l e t  tube. 
(1) I n j e c t o r  Thro t t l i ng  
A main concern i n  the  design of the  i n j e c t o r  is i t s  
a b i l i t y  to  t h r o t t l e .  The t h r o t t l i n g  requirement of continuous t h r o t t l i n g  capa- 
b i l i t y  between 100% and 7C% of r a t ed  t h r u s t  is c ~ m p a t i b l e  with the  s e l ec t ed  
i n j e c t o r  concept. The i n j e c t o r  element o r i f i c e  s i z i n g  w a s  s e l ec t ed  based on 
the t h r o t t l i n g  requirement. 
The approach used was as follows: (a quadlet  e le -  
ment is  used i n  t h i s  example.) 
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Pas t  exper ience  i n d i c a t e d  t h a t  minimum i n j e c t i o n  
v e l o c i t i e s  f o r  fuel and o x i d i z e r  t o  o b t a i n  good a tomizat ion  are about  40 and 
35 f t / s e c ,  r e s p e c t i v e l y .  When t h i s  occurs  a t  I U  percen t  r a t e d  t h r u s t ,  t h e  
f u l l  r a t e d  t h r u s t  v e l o c i t i e s  become 60 and 50 f t l s e c .  F igure  IV-30, a  p l o t  of 
o r i f i c e  d iameter  as a  func t ion  of  i n j e c t i o n  v e l o c i t y ,  shows t h - t  f o r  f u e l  and 
o x i d i z e r  v e l o c i t i e s  of  60 and 50 f e e t l s e c o n d ,  r e s p e c t i v e l y ,  f u e l  o r i f i c e  diam- 
e t e r  would be % 0.20 inch and o x i d i z e r  o r i f i c e  d i a  would be 2 0.28 inch.  Using 
Figure IV-31,  which is  a  p l o t  of o r i f i c e  p r e s s u r e  drop v s  i n j e c t i o n  v e l o c i t y ,  
i t  i s  seen t h a t  under f u l l  t h r u s t  o p e r a t i o n  t h e  f u e l  p r e s s u r e  drop is  30 p s i  
and t h a t  of t h e  o x i d i z e r  is  30 p s i .  This  is  e q u i v a l e n t  t o  an i n j e c t i o n  o r i f i c e  
L P / P  r a t i o  of 0.12 o r  12%. Under 70% t h r o t t l i n g  conditions f u e l  and o x i d i z e r  
C 
v e l o c i t i e s  drops t o  42 and 35 f e e t l s e c ,  r e s p e c t i v e l y ,  w i t h  t h e  r e s u l t i n g  f u e l  
p ressure  drop o f  14  p s i  and o x i d i z e r  of  15 p s i .  The corresponding AP/P r a t i ~  
C 
drops t o  0.08 - 0.86 o r  8-9% o r i f i c e  s t i f f n e s s .  The o v e r a l l  feed s ~ s t e ~ i i  LP/P 
C 
r a t i o  is  much g r e a t e r  dur ing  t h r o t t l i n g ,  however, than a t  f u l l  t h r u s t .  This  
r e s u l t s  i n  g r e a t  feed  system t h r o t t l i n g  s t a b i l i t y ,  one o f  t h e  i n h e r e n t  f e a t u r e s  
of a  va lve  t h r o t t l e d ,  p ressure  fed  system. 
(2) Pre l iminary  S t r u c t u r a l  Analys is  
A p re l iminary  s t r u c t u r a l  a n a l y s i s  t o  s i z e  components 
f o r  the  p ressure  fed  b o o s t e r  engine i n j e c t o r  i n d i c a t e  t h a t  211 c r i t i c a l  p a r t <  
a r e  s t r u c t u r a l l y  adequate.  In  f a c t ,  such i tems as t h e  gusse t  p l a t e s  and in.  
t o r  cover p l a t e s  can probably be reduced i n  s i z e  a s  ref inements  a r e  made i n  
des ign  and a n a l y s i s .  
Concerning b a f f l e  p l a t e s ,  h igh  loads  can develop i f  
s u b s t a n t i a l  d i f f e r e n t i a l  p r e s s u r e s  occur  a c r o s s  the  r a d i a l  b a f f l e s  dur ing  
s t a r t  up opera t ion .  Analys is  i n d i c a t e s  t h a t  tllc proposed design is adequate 
f o r  a p ressure  of about  47 p s i  when t h e  p l a t e  is  supported from two ;icl.jac:en~ 
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edges .  I f  t h e  p l a t e  i s  c a n t i l e v e r e d  from one edge, t h i s  p r e s s u r e  is veduced 
t o  about 23  p s i .  These va lues  a r e  based on the  assu~np t ion  t h a t  adequate sup- 
p o r t  is provided i n  t h e  region whe-e t h e  b a f f l e s  a t t a c h  t o  t h e  face  p l a t e .  I f  
t h e  face  p i a t e  desic , becomes too t h i n ,  a s t r u c t u r a l  t i e  t o  t h e  s t u r d y  back 
p l a t e  between oxidi  and f u e l  manifolds may be necessary .  Concerning the  
p o t e n t i a l  problem o f  b a f f l e  v i b r a t i o n  o r  f l u t t e r ,  no assessment was made f c r  
these  e f f e c t s  i n  t h i s  i n i t i a l  conceptual  s tudy.  
From a pure ly  s t a t i c  p r e s s u r e  p o i c t  of view, t h e  
propoz2d 114 i n .  i n j e c t o r  f ace  p l a t e  is more than adequate f o r  c o n t a i n i n g  the  
p ressure .  However, t h e  thermal  g r a d i e n t  expected t o  dekslop a c r o s s  such a 
p l a t e  must b e  considered.  I f ,  f o r  example, t h e  face  p l a t e  tcmpers tures  ranged 
from about  200°F on t h e  f u e l  s i d e  t o  about  1600°F on t h e  cumbustf x s u r f a c e ,  a 
cursory  a n a l y s i s  r evea l s  t h a t  s t r a i n s  of abvut 1% would occur.  Although ele- 
vated  temperature f a t i g u e  d a t a  f o r  Inconel  625 w a s  n o t  a v a i l a b l e ,  informat ion  
f o r  some o t h e r  Inconel  a l l o y s  i n d i c a t e  t h a t  a , t igue  l i f e  of  about  100 c y c l z s  
could be expected f o r  t h i s  condi t ion .  
The d e s i r e d  l i f e  f o r  components of illis engine :s 
400 cyc les .  The most l i k e l y  way o f  improving t h e  c y c l i c  l i f e  of t h e  f a c e  p l a t e  
i s  t o  reduce i t s  o v e r a l l  w a l l  t h i ckness .  Such a reduc t ion  has t h e  e f f e c t  of 
dec reas ing  t h e  thermal g r a d i e n t  a c r o s s  t h e  place which i n  t u r n  means less 
thermal s t r a i n  an4 a l s o  less high t empera tme  creep damage. However, such 
p l a t e  th innf7g  a l s o  has  t o  t ake  i n t o  account  t h e  inc reased  p r e s s u r e  s t r e s s ~  
i n  t h e  p l a t e  and t h e  decreased suppor t  r i g i d i t y  f o r  t h e  b a f f l e s .  C l e a r l y ,  
some t r a d e o f f s  i n  des ign  may be  indicated uhen these  problems a r e  s t u d i e d  
f u r t h e r .  For t h e  p r e s e n t  however, a b r i e f  a n a l y s i s  i n d i c a t e s  t h a t  a 
s u r f x e  temperature of about  110O0F is needed t o  ach ieve  an approximate 
c y c l i c  l i f e  of 400 cyc les .  
Page IV-55 
IV, 3, In j ec to r  and Ign i t i on  Analysis (cont., 
2.  I g n i t e r  Component Analysis  
The i g n i t i o n  system concept recommended f o r  use  on the  
~ r ~ s s u r e - f e d  engine is a hypergolic c a r t r i d g e  ign i t i on  system using a t r i e t l ~ y l -  
alumir.um/triethylbcron f u e l  mixture. This  recommended ign i t i on  system concept 
1s i l l u s t r a t e d  i n  Figure 17-32 . 
The hy?ergolic c a r t r i d g e  i g n i t i o n  system w a s  s e l ec t ed  a s  t he  
preferred ign i t i on  system based m t h e  r e s u l t s  of d e t a i l e d  eva lua t iocs .  
The engineering approach used t o  compare, evaluate  and 
f i n a l l y  select t h e  pre fe r l -d  i gn i t i on  rysr- c m c e p t  w a s  as fcllo~s: 
. Iden t i fy  c m d i d a t e  i g a i t i o n  system concepts. 
. Iden t i fy  i g n i t e r  key screening c r i t e r i a .  
. Through preliminary screening methods, select t h e  
f e w  ccncepts which most s a t i s f a c t o r i l y  meet the  
pressure-fed engine key c r i t e r i a .  
. liake f i n a l  evaluat ion of t h e  few se l ec t ed  concepts 
using a three-step ~ r c c z d c r e  which: 
(1) Evaluates each concept r e l a t i v e  t o  its past  
f l i g h t  experience. 
( 2 )  Rescreens each concept using a l l  re levant  
screening criteria. 
(3) Evaluates each concept on t he  b a s i s  of its 
compat ibi l i ty  and ease of incorporat ion i n t o  
t he  s e l ec t ed  i n j e c t o r / t h r u s t  chamber concept. 
The following subsect ions  summarize t h e  r e s u l t s  of the 
i gn i t i on  system evaluation.  
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a. Candidate I g n i t e r  Preliminary Concept Screening 
Six  i g n i t i o n  system concepts were considered as 
reasonable candidates f o r  t h e  prel iminary screening e f f o r t .  The ign i t i on  
schemes considered were: 
. Pyrotecb-ic 
. Cata ly t i c  
Pass ive  thermal a c t i v a t i o n  
D y n ~ a i c  thermal a c t i v a t i o n  
. Hypergolic i gn i t i on  
. Electric spark i g n i t i o n  
Each i g n i t i o n  scheme w a s  evaluated aga ins t  key c r i t e r i a .  
The key c r i t e r i a  used t o  make t h e  prel iminary screening comparison were: 
Demonstrated f l i g h t  experience 
Development r i s k  
S impl ic i ty  
Refurbishment 
Reuse 
Sea water recovery 
Cost 
R e l i a b i l i t y  
Safe ty  
The screening tree shown i n  Figure TV-33 graphica l ly  
i l l u s t r a t e s  the  screening process which was used. Indicated an t h e  f i g u r e  is  
the  c r i t i c a l  reason o r  reasons why a concept w a s  re jec ted .  Table IV-X 
i l l u s t r a t e s  t h e  d e t a i l s  of t he  prel iminary screening process wherein each 
ign i t i on  scheme is evaluated aga ins t  t h e  key criteria. The advantages and 
disadvantages of each concept are noted on t h e  t a b l e .  
Page IV-57 
iV, ii, I n j e c t o r  and Ign i t i on  Analysis (cont.) 
Appendix C p resen ts  a discuss ion of t h e  candidate 
i g n i t i o n  schemes and i n  addi t ion  d i scusses  some other  academically i n t e r e s t i n g  
i g n i t i o n  schemes vhich were not  considered as v i a b l e  candidate concepts. 
On t he  b a s i s  of t h e  q u a l i t a t i v e  prel iminary screening 
e f f o r t ,  evidenced by Figure IV-33 , Table IV-X , and Appendix C, t he  pyro- 
technic ,  hypergolic ca r t r i dge  and e l e c t r i c  spa rk - in i t i a t ed  to rch  i g n i t e r  
schemes L,ere s e l ec t ed  f o r  f u r t h e r  study.  A major c r i t e r i o n  which protnpted 
se l ec t ion  of these  systems f o r  f u r t h e r  s tudy w a s  t h a t  each concept has been 
f l i g h t  demonstrated. 
b. I g n i t e r  Tradeoff S tud ies  
Unlike t he  t h r u s t  chamber o r  i n j e c t o r  concepts which 
must be eva l t a t ed  by q u a n t i t a t i v e  t radcoff  a n a l y s i s  t o  achieve pre fe r red  con- 
cept  s e l ec t ion ,  t he  b a s i s  f o r  i g n i t e r  system s e l e c t i o n  r e l i e s  much more 
heavily on q u a l i t a t i v e  t radeoff  s tud i e s .  Three types  of q u a l i t a t i v e  t radeof f  
s tud i e s  were performed t o  f u r t h e r  eva lua te  t he  t h r e e  s e l ec t ed  i g n i t i o n  schemes: 
(1) add i t i ona l  in-depth comparative screening using d e t a i l e d  c r i t e r i a ,  (2)  
de t a i l ed  examination of each i g n i t i o n  scheme r e l a t i v e  t o  pas t  f  l i g l t  experience, 
and (3)  a d e t a i l e d  screening of each i g n i t i o n  scheme r e l a t i v e  t o  how wel l  each 
scheme would work with  the  s e l ec t ed  i n j e c t o r  and t h r u s t  chamber concepts. The 
sources of iiifc cletailed screening c r i t e r i a  were from t h e  bas ic  engine concept 
f ea tu re s ,  t he  bas i c  design c r i t e r i a ,  and vetri~le!en~ine/operational cons t r a in t s .  
Table IV-XI presen ts  a  summary of pas t  f l i g h t  experience,  and T ~ b i e  Iv-XI1 
........ 
,,LC.,CuLa tl-.E i - e ~ u i i s  ~i screening wherein eacn i g n i t i o n  scheme is applied t o  
the  . se lec ted  i n j e c t o r  cmcept  . 
On the  b a s i s  of t he  d e t a i l e d  screening evaluat ion shown 
i n  Table 1 ~ ~ x 1 1 ,  t h e  pre fe r red  concept was t h e  hypergolic c a r t r i d g e  i g n i t i o n  
scheme, t h e  dominant reasons being low cost  and s imp l i c i t y .  Ttie pyrotechnic 
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igni t ion  scheme an! t h ~  e l e c t r i c  spark ign i t ion  scheme were rated second and 
th i rd  choices, respectively.  
On the  b :sis of past f l i g h t  experience, a s  shown in  
Table I V - X I  , tne h ~ p e r g o l i c  car t r idge  scheme is the  obvious choice. Twelve 
of the id L O X / ~ I P - ~  engines evaluated used hypergolic car t r idge  igni t ion .  Only 
the Titan I sysren. developed i n  the  l a t e  1950's and the  ea r ly  Atlas booster 
used pyrotechnic ign i t ion  systems (Atlas  later converted t o  hypergoiic 
car t r idge  igni t ion)  . 
Table IV-XI11 shows the l - ~ t i n g  of each i g n i t e r  concept 
r e l a t i v e  t o  c r i t e r l a  developed from t he  ac tua l  se lec ted  i n j e c t o r  and th rus t  
chamber concept and key operational constraints .  A s  can be seen i n  t h i s  
tab le ,  the o b v i ~ u s  concept choice is the hypergolic car t r idge  i g n i t e r  because 
of i ts s i n ~ l i c i t y  v i t h  a baff led ir i jector.  
c. I g n i t e r  ~ b n c e p t  Select ion 
The ign i t ion  system concept recammended f o r  use on the 
pressure-fed engine i s  a hypergolic car t r idge  igni t ion  concept using a TEA/TEB 
f u e l  mixture. This coDcept was selected wer the  pyrotechnic and e l e c t r i c  
spark torch i g n i t e r  concepts which were competitive ign i t ion  schemes. 
Table IV-XIV summarizes the  d e t a i l  tradeoff ana lys is  
which led t o  a s ing le  concept se lec t ion .  
. . 
. , - 8  
. - -  
..i I!: 
. , a  : 
Figure IV-32 i l l u s t r a t e s  the  hypergolic car t r idge  
igni t ion  concept. The f igure  shows the  a c t u a l  i g n i t e r  concept as i t  would 
appear when i n s t a l l e d  within the in jec to r  face.  Included on the  f igure  and 
Page IV-59 
I V ,  B ,  I n j e c t o r  and I g n i t i o n  -Analysis (cont  .) 
shown schemat ica l ly  is t h e  hypergo l i c  c a r t r i d g e ,  i g n i t i o n  s y s t e n  c o n t r o l  v a l v e  
and r e l a t e d  plumbing. 
The i g n i t e r  c o n s i s t s  of a c e n t e r  supply  tube ,  c e n t e r  
d i s t r i b u t i o n  hub, f i v e  r a d i a l  d i s t r i b u t i o n  tubes  and 20 c i r c u m f e r e n t i a l  
d i s t r i b u t i o n  t u b e s  which supply  hypergo l i c  f u e l  t o  t h e  i n j e c t o r  f ace .  A s  can 
be seen from Figure  IV-32 , t h e  f low d i s t r i b u t i o n  c i r c u i t  c o n s i s t s  of f i v e  
id .  , t i c a l  branches.  A s  p r e s e n t l y  envisiosled t h e r e  a r e  two i g n i t e r  p o r t s  i n  
each b a f f l e d  c a v i t y  except  t h a t  a s i n g l e  p o r t  e x i s t s  wi th in  t h e  c e n t e r  hub, a 
t o t a l  of 101 i g n i t e r  p o r t s  e x i s t .  Some a d d i t i o n a l  i g n i t e r  d e t a i l s  are 
i l l u s t r a t e d  on Figure  IV-32 ; however, d e t a i l  des ign  c o n s i d e r a t i o n s  a r e  t o  be 
examined and s e l e c t e d  dur ing  Phase B of  t h i s  program. 
The hypergo l i c  c a r t r i d g e  con ta ins  TEA!TEB r u e 1  which is 
r e t a i n e d  c a p t i v e  between b u r s t  diaphragms. Tile c a r t r i d g e  and c o n t r o l  v a l v e  
a r e  l o c a t e d  as c l o s e  a s  p r a c t i c a l  t o  t h e  t n j e c t o r l i g n i t e r  system t c  z in imize  
manifold f i l l  volumes. The p re l iminary  system schematic  i l l u s t r a t e s  a  c o n t r o l  
system c o n t a i n i n g  a  main v a l v e  and two check va lves .  An i n i t i a l  s i g n a l ,  
probably from o x i d i z e r  t h r u s t  chamber v a l v e  opening, s i g n a l s  t h e  hypergo l i c  
c o n t r o l  v a l v e  t o  open a l lowing high-pressure f u e l  tapped from upstream of t h e  
TCFV t o  f r a c t u r e  t h e  upstream diaphragm and cause downstream diaphragm 
f r a c t u r e .  S u i t a b l e  ins t rumenta t ion  would be provided t o  show t h a t  hypergo l i c  
flow has  begun. The hypergo l i c  f l u i d  f lows through t h e  h y d r a u l i c  network and 
c o n t a c t s  t h e  o x i d i z e r  a t  t h e  i n j e c t o r  f a c e .  Af te r  s u f f i c i e n t  hypergo l i c  f low 
d u r a t i o n  and a t  such time t h a t  main f u e l  and o x i d i z e r  i g n i t i o n  has  occurred 
t h e  c o n t r o l  v a l v e  would c l o s e  its main f u e l  f low c i r c u i t  and simply permit  a  
p i l o t  flow of f u e l  t o  cont inue  which would a l low for- i g n f t e r  p o r t  f a c e  coo l ing  
and e l i m i n a t i o n  of combustion gas  backflow I n t o  t h e  i g n i t e r  d i s t r i b u t i o n  
network. I t  is planned t o  p a t t e r n  the hypergol ic  i g n i t e r  d e t a i l  des ign  and 
svstem d e t a i l s  a f t e r  t l iose systems t h a t  have been s u c c e s s f u l l y  f l i g h t  demon- 
s t r a t e d  i n  ti;s p a s t .  Fur the r  d e f i n i t i o n  of t h e  i g n i t e r  hypergol ic  c a r t r i d g e  
and c o n t r o l  system d e t a i l s  w i l l  be  undertaken i n  Phase  I3 of t h i s  program. 
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d. Igniter Concept Technology Requirements 
No new technology is required for LOXIRP-1 ignit ion.  
New technology is  required for ~ ~ ~ / ~ r o p a n e  ignition i f  t h i s  propellant 
combinat ion is selected. 
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C . PROPELLAVT VALVING 
The ~ r o n e l l a n t  v a l v i n g  system performs t h e  fo l lowing f u n c t i o n s  on 
t h e  nressure- fed  engine: 
Engine S t a r t  and Shutdown T r a n s i e n t  Control  -- ?teterin,n t h e  
f 101.7 of ~ r c p e l l a n t s  t o  t h e  chamber t o  provide  smooth t h r u s t  
bui ldup ana decay. 
Thrus t  P4n:iulation -- T h r o t t l e  p r o p e l l a n t  flow t o  t h e  engine  
i n  resnonse t o  v e h i c l e  command f o r  reduced t h r u s t .  
P r o n e l l a n t  U t i l i z a t i o n  -- Alter p r o p e l l a n t  c i r c u i t  hydrau l i c  
r e s i s t a n c e s  t o  modify engine  mixture  r a t i o  i n  response t o  
veh ic lc  l r o p e l l a n t  u t i l i z a t i o n  commands. 
Sealins! -- Prevent ing  p r o p e l l a i ~ t  from l e a k i n g  i n t o  t h e  
chamber n r i o r  t o  l i f t o f f  and keeninp seawater  o u t  of tile 
l i n e s  and tankage a f t e r  splashdown. 
The nurnose of t h i s  ~ r e l i m i n a r y  des ipn  s t u d y  w a s  t o  s e l e c t  a  system capable  
of nerforminp t h e  o p e r a t i o n s  desc r ibed  above. 
1. Control  System -
The c o n t r o l  system modulates t h e  p o s i t i o n s  of t h e  p r o p e l l a n t  
va lves .  The c o n t r o l  system sequences t h e  v a l v e s  and r e g u l a t e s  the  r a t e  of 
va lue  movement t o  o b t a i n  t h e  d e s i r e d  engine s t a r t  and shutdown cllaracter-- 
i s t i c s .  Tn a d d i t i o n ,  t h e  system a c c u r a t e l y  p o s i t i o n s  t h e  v a 1 v i . n ~  mechanisms, 
once t h e  enpine is f i r i n p ,  t o  c b t a i n  t h e  a p p r o p r i a t e  t h r u s t  l e v e l  and mixture 
r a t i o .  
The sc reen ing  p rocess ,  through which t h e  b a s e l i n e  concept 
1,7,s s e l e c t e d ,  is revresen ted  by t h e  sc reen ing  t r e e  shown i n  Figure  No. TV-34 . 
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The! tree shows t h a t  t h r u s t  and mixture  r a t i o  w i l l  be  s imul taneously  regu- 
1:itf.d hy a  decoun l in ;~  c o n t r o l l e r .  Engine t h r u s t  and mixture r a t i o  a r e  
c:orln let1 r:nv i n e  r~ncarat i njl, naramctcrs .  Normally, moving a  va lve  t o  c l~angc 
en!] ine mij..turtt r a t i . 0  nrotluccs a t h r u s t  change a l s o .  Ilowever, by using two 
modulatine va lves  and a d e c o u ~ l i n g  c o n t r o l l e r ,  t h r u s t  can b e  cllanged without  
a l t e r i n g  mixture  r a t i o  and vice versa .  This  is a r e l a t i v e l y  new concept  i n  
enpine c o n t r o l  design.  I n  t h e  p a s t ,  engines  have been designed t o  c o n t r o l  
t h r u s t ,  a l lowine  mixture r a t i o  t o  swing from nominal. IIowever, decoupling 
c o n t r o l  is s ta te-of- the-ar t  i n  o t h e r  eng inee r ing  d i s c i p l i n e s ,  and no new 
technoloev is  reou i red  i n  applying t h e  p r i n c i p l e  t o  rocket  engine  des ign .  
Various c o n t r o l  system o p t i o n s  a r e  t a b u l a t e d  i n  Figure 
No. IV-35. The advantages and d isadvantages  of  t h e  v a r i o u s  o p t i o n s  a r e  
l i s t e d  i n  F igures  No. IV-36 through IV-39. Severa l  of  t h e  systems a r e  
shown schemat ica l ly  i n  Figures  No. IV-40 through IV-43. The s i m p l e s t  system 
is t h e  onen loon concept,  which r e q u i r e s  t h e  minimum number of components. 
For t h i s  type  of c o n t r o l ,  a pre-programmed analog t ape ,  set t o  accommodate 
the  e f f e c t  of v e h i c l e  a c c e l e r a t i o n  on s u c t i o n  p r e s s u r e ,  would develop t h e  
s i ~ n a l s  t o  modulate t h e  va lves  i n  a predetermined fashion.  Because t h i s  
concept i s  noncomnensatory, i t  cannot respond t o  small pa ramet r i c  per turba-  
t i o n s  which minht occur.  
Since t h e  p r o p e l l a n t  c i r c u i t  impedances are r e l a t i v e l y  low 
comnared t o  a  nump-fed engine,  t h e  pressure-fed engine is  extremely s e n s i t i v e  
t o  changes i n  s u c t i o n  pressure .  The i n f l u e n c e  of  s u c t i o n  Dressure on t h r u s t  
and mixture  rat io a t  t h e  nominal o p e r a t i n g  p o i n t  (1.2MLB t h r u s t ,  MR = 2.6) 
is shown below. 
3MR -1 ;)MR -1 
- = 0.0125 psi. - = 0.01 p s i  
a P ~ ~  a P ~ ~  
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Assumi.ng t h a t  t h e  tank p r e s s u r e s  can be h e l d  t o  w i t h i n  - + 3% of nominal by 
t h e  tank p ressure  c o n t r o l  system, t h e  t h r u s t  and MR could d e v i a t e  as much 
a s  3.2X and 10.5;; from nominal, r e s n e c t i v e l y .  Assuming a -- + 5% t o l e r a n c e  
on v e h i c l e  a c c e l e r a t i o n  i n c r e a s e s  t h e  t h r u s t  and ,MR performance s h i f t s  t o  
3.7Z and 11.7.?, r e s n e c t i v e l y .  The advantage of system s i a p ~ i c i t y  qained 
with open loop c o n t r o l  i s  o f f s e t  by t h e  inaccuracy a s s o c i a ~ e d  w i t h  t h e  
noncomnensatorv c a n a b i l i t y  of t h e  system. 
The p r e s e n t  t o l e r a n c e s  on eng ine  t h r u s t  and mixture  r a t i o  
are - + - 3Z of t h e  commanded va lues .  I n  o r d e r  t o  guarantee  t h e  achievement 
of t h a t  kind of accuracy,  a b a s e l i n e  s y s t e n  having t h r e e  c losed  loops  was 
chosen. That system is shown schemat ica l ly  i n  Figure  No. I V - 4 4 .  The 
primary loop is  c losed  through t h e  v e h i c l e .  Vehicle  a c c e l e r a t i o n  and 
n r o ~ e l l a n t  l e v e l s  are converted t o  engine  t h r u s t  and mixture  r a t i o  commands 
bv t h e  v e h i c l e  computer. The decoupling c o n t r o l l e r  d r i v e s  t h e  p r o n e l l a n t  
va lves  i n  resnonse t o  those  cormnands. The v e h i c l e  responds t o  t h e  changes 
i n  e n ~ i n e  performance, and t h e  command s i g n a l s  may be a l t e r e d .  Engine 
wei;!?t flows a r e  i n t e r p o l a t e d  from p r e s s u r e  d i f f e r e n t i a l s  measured on t h e  
engine, and t h r u s t  i s  i n t e r p o l a t e d  from measured P . The c a l c u a l t e d  engine 
C 
t h r u s t  and mixture r a t i o  ob ta ined  from t h e  weipht flow measurements w i l l  be 
deter'nincd bv  an e n ~ i n e  computer. These s i g n a l s  w i l l  be obta ined much more 
r a r i d l v  than t h e  v e h i c l e  responses ,  and so this seoc:idary loop i n c r e a s e s  t h e  
resnonse of t h e  engine c o n t r o l  system. Valve Dl:-. : t i u n  feedback is a l s o  
included t o  provide a d d i t i o n a l  resnonse , dz." jj !*!: l? il~:d accuracy.  
The system shown i s  r e l a t i v d y  complex due t o  t h e  m u l t i p l e  
feedback loons chosen t o  o b t a i n  f a s t  response ,  minimum overshoot ,  and high 
accuracv. A s  t h e  enpine dynamics are d e f i n e d ,  one o r  more of t h e  loops may 
!>e removed i f  s a t i s f a c t o r y  performance can be achieved without  t h a t  loop. 
Tlic  decounlinc c o n t r o l l e r  can be e l imina ted  i f  t h e  accuracy requirement f o r  
thrust o r  \!I? i s  l i f t e d .  
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2 .  Valves 
The main prope l lan t  valves  perform the  t h r o t t l i n g  commands 
i n  resnonse t o  s i p n a l s  from the  con t ro l  system. I n  add i t i on ,  these  valves  
are required t o  s e a l  t i s h t l y ,  providing prope l lan t  shutoff  capab i l i t y .  
a. Candidate Valve Concept screen in^ 
Valve concept screeV.ring is i l l u s t r a t e d  by tlre t r e e  
shov~n i n  Figure ??o. IV-45. The idea  of bu i ld ing  shutoff  valves  and t h r o t t l e  
valves i n  s e r i e s  w a s  r e j ec t ed  because such a system would weigh about twice 
a s  much as  combining the  funct ions  i n t o  a s i n g l e  un i t .  The valving mechanism 
chosen wzs the  poppet conf igurat ion over t he  o the r  candidates.  The prime 
reasons f o r  s e l e c t i n g  the  poppet concept were i t s  exce l len t  s e a l i n g  character-  
i s t i c s  and the  u t i l i z a t i o n  of p i n t l e  shaping f o r  t h r o t t l i n g .  Hydraulic 
ac tua t ion  was chosen i n  l i e u  of t h e  o the r  candidates.  Fuel w i J  l be used 
as  the  ac tua t ion  f l u i d .  
The poppet valve  could be designed as a coaxia l  valve  
(see  F i ~ u r e  No. IV-46) oz a right-angle valve.  The coaxial  valve  has less 
hvdraul ic  r e s i s t ance  than the  r i g h t  angle conf igurat ion.  However, hydraul ic  
ac tua t ion  could not be used f o r  t he  ox id izer  valve  because t h e  cryogenic 
prone l lan t  flowing around the  ac tua to r  would f reeze  the  hydraul ic  f l u i d .  
Since the  coaxial  va lve  bodies are more c o s t l y  than t he  r i g h t  angle  valve 
bodies, and s i n c e  prone l lan t  d i s t r i b u t i o n  t o  t he  enpine requi res  r ight-angle  
bends, the  r ight-angle nonpet va lve  conf igurat ion w a s  chosen a s  t he  base l ine  
valve desipn. 
By flowing mul t ip le  valves  i n  p a r a l l e l ,  the  valve 
diameter can be reduced s i g n i f i c a n t l v .  A s  tlre number of valves  i n  parallel 
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i n c r e a s e s ,  t h e  t o t a l  v a l v e  weights  decrease  and s e a l i n g  r e l i a b i l i t y  i ~ i c r e a s e s .  
The t h r o t t l i n p  r e l i a b i l i t y  s imul taneously  decreases .  Two va lves  i n  p n ~ s l l e l  
were chosen as t h e  b a s e l i n e  conf igura t ion .  Two va1t~s.s have a reasonable  
s e a l i n p  and t h r o t t l i n ~  r e l i a b i l i t y .  
Continuous modulation was chosen over  d i s c r e t e  va lve  
~ o s ' + f , : n i n g  due t o  t h e  d e s i r a b i l i t y  of c o n t r o l l i n g  t h r u s t  and mixture  r a t i o  
t o  wi th in  - + 3X of corrmiaid. To o b t a i n  t h i s  k ind of  accuracv wi th  a d i g i t a l  
system vould req.uire  many d i s c r e t e  p o s i t i o n s ,  and many so leno id  va lves  and 
a mul t i -p i s ton  a c t u a t o r  would be  used. With t h e  p r e s e n t  PlR and t h r u s t  
accurac ies ,  t h e  r ) i g i t a l  system would l i k e l y  be more complex than t h e  con- 
t inuous  va lve  modulation system. 
b . Tradeof f S t u d i e s  
The q u a l i t a t i v e  c r i t e r i a  used t o  assess t h e  advantages 
and d isadvantages  of t h e  v a r i o u s  va lv fng  elements  al..? shown i n  F igure  No. 
1'1-4? a s i d e  from t h e  e x c e l l e n t  s e a l i n g  c h a r a c t e r i s t i c s  and flow c o n t r o l  
c a p a b i l i t y  pro. . ided bv t h e  noppet-type des ign ,  t h e  poppet va lve  c o n f i g u r a t i o n  
was chosen based on NASA and Aeroje t  exper ience  wi th  l a r g e  ponpet v a l v e s  on 
rocket  eneines .  The F-1 o x i d i z e r  va lve ,  which is an 8 i n .  l i n e  s i z e  u n i t ,  
i s  shown i n  Fipure No. IV-48: t h e  M - 1  o x i d i z e r  va lve ,  a  9.5 i n .  J i a  u n i t ,  
!s shown i n  F ieure  No. IV-49. Both of t h e s e  v a l v e s  are t h e  ponpet type. 
Valve and a c t u a t o r  weights  were c a l c u l a t e d  f o r  t h e  
c o a x i a l  and t h e  r igh t -ang le  c o n f i g u r a t i o n  poppet va lves  f o r  a nominal 20 p s i  
dron ac ross  each c i r c u i t .  Valve weights  and l t n e  s i z e s  a r e  shown p l o t t e d  as 
a func t ion  of number of u n i t s  i n  p a r a l l e l  i n  Figures  No. IV-50 through IV-53. 
Tor tvo r i ~ h t  ang le  poppet va lves  o p e r a t i n g  i n  p a r a l l e l ,  t h e  o x i d i z e r  va lves  
1 . 1 o l l I  rl hnve an i n s i d e  ciiamc! t c r  of 10.5 i n .  , and t h e  f u e l  va lves  would have an 
in., irle rlinmr:ter of 7.75 i n .  Note t h a t  approximately 60 l b  of cny,inc w e i j : l l t  
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could h e  saved hy u t i l i z i n p  coaxial  poppet vs lves  on the  f u e l  s ide .  The 
coax ia l  d e s i ~ n  mav he l l t i l i z ed  i n  the  f u e l  c i r c u i t  i f  the  t o t a l  pressure  
dron across the l i n e s  a t d  the  valves can meet the  present  ei.gine pressure  
schedule. 
Valve s e a l  to le rances  are e a s i e r  t o  achieve i n  sv ,a l ler  
diameters than i n  l a r g e r  s i ze s .  Thrs is one of t he  prime reasons why sea l ing  
r e l i a b i l i t y  increasds  as  the  s e a l i n g  d i a m e ~ e r  decreases.  Scaling load,  and 
there fore ,  ac tua to r  s i z e ,  increases  with s ea l ing  d i a m e t e ~ .  Seal  load curves 
f o r  th ree  candidate mater ia l s  are shown i n  Figure N o . 1 V - 5 4  . Teflon w i l l  
probably be used i n  t h e  f u e l  valves ,  and Kcl-F w i l l  be used as the  ox id izer  
valve s e a l s  based on ox id izer  valve  seal experience gained on the  Ti tan  I 
and the  M - 1  programs. 
The aclvaqtages and disadvantages of various t h r o t t l i n g  
concepts a r e  sho*a  i n  Figure No. I V - 5 5 .  The conce,>t chosen was two similar 
t h r o , i t l i n ~  valves  operat ine  i n  p a r a l l e l  simultaneously. The major advantage 
of t h i s  concept i. the  u t i l i z a t i o n  of  l i g h t e r  p rope l lan t  manifolding on the  
i n j e c t o r .  One concept considered i n  t he  t h r o t t l i n p  tradeoff  xas s l av ing  the 
valves  tcgc ther  us ine  a common servo t o  d r ive  t he  p i s ton  on each valve w a s  
r e j ec t ed  because hydraul ic  load Lnterract ions  between the p i s tons  could cause 
s t a h i l  i t v  problems. Orif  i c ing  between the  two p i s tons  would reduce the  
s t a S i l i t y  nroblems, but  would requi re  l a r g e r  ac tua to r s  opera tin^ a t  a lower 
nressure  1c:vel. The corzcept of using a s i n g l e  ac tua to r  mechanically l'nked 
t o  both valves was a l s o  r e j ec t ed .  To  ob ta in  l i g h t e r  p rope l lan t  manifolding, 
the n a r a l l e l  valves  should be 180 degrees a p a r t  on the  i n j ec to r .  The r e s u l t i n g  
1 inkage would be about 10 feer long, adding excessive weight t o  the  engirie. 
IV, C ,  Pronellant  Valving (cont.) 
c. Valve Concept Select ion 
The base l ine  propel lant  valve concept f o r  t he  p, ressure- 
fz2 hi; t e r  is a right-angle poppe t-t--pe hydrau l ica l ly  control!.ed t h r o t t l e  
valve s h m ~ - ~  i n  Figure No. I'J-56. I n  t h e  c losed pos i t ion ,  t h e  valve is 
vressure-balanced such t h a t  opening response w i l l  be r e l a t i v e l y  f a s t ,  i f  
requ'red. I n  the  onen pos i t ion ,  t ne  back pressure  on the  p i n t l e  area should 
hold the  valve open i n  the  event t h a t  t!he e l e c t r i c a l  s i g n a l  t o  the  servo is 
1 ..-, n--- .L - 
. r , r a L G  rilct va lve  is commanded t o  c lo se ,  t he  flow fo rces  around the  
shoulder of t h e  shaped p i n t l e  shculd he lp  the  ac tua to r  i n  c lo s ine  t h e  valr.e- 
Suf f i c i en t  spr inp  load has  been appl ied t o  t he  design tc achiev: a s e a l  
without any Dressure loading from t h e  a c t u a t o r  t o  assist t h e  spr ing.  This 
ciesiyn fea ture  shotild prevent t h e  leakage of propel lant  o r  sea water pas t  
the sez l .  *'he n i n t l e  s h a ~ e  w i l l  be def ined t o  provide the  nroper en9ir.e 
t h r o t t l i n g  c h a r a c t e r i s t i c s .  
The d i g i t a l  ac tua to r  with three d i s c r e t e  ~ o s i t i o n s  is  
shol-.n i n  Figure 30. IV-51 f o r  reference.  This type  of a c t s a t o r  c o u l d  be 
usea as a r e~ lacemen t  f o r  t h e  servo system i f  t he  accuracy requirements f o r  
t h rus t  and MR cont ro l  werc lecsened. 
A histogram of t h e  s i z e  frequency of var ious  ~ r o p e l l a n t  
valve conf ieurat ions  used on opera t iona l  space veh ic les  is shown i n  Figures 
So. IV-58 and IV-59. These da t a  i l l u s t r a t e  t h a t  considerable valve design 
and fabr ica t ion  exner iente  has bczn accumulated on valve s i z e s  up t o  10 i n .  
d i a ,  r e in forc ina  the  pos i t ion  t!?at less de*?elo?ment r i s k  is involved by using 
t w o  smal l t r  valves i n  p a r a l l e l  rather than a s i n g l e  l a r p e  un i t .  
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IV, E n g i n e  Yajor Component Analysis (cont.) 
D. THRUST VECTOR CONTROL (TVC) ANALYSIS 
riarust  vector controi requirements fo r  t h e  PFB vehicle prescribe 
a maximum 6" omnidirectional thrus t  def lec t ion  capabi l i ty ,  and an average 
deflect ion of lo f o r  the engine f i r i - ~ g  duration (150 sec) .  Emphasj-s i s  placed 
on obtaining the required thrus t  vec tcr  cont ro l  by using proven, s tate-of- he- 
a r t  systems and technology. 
Four bas ic  types of TVC candidates w e r e  considered during the 
n~ I ..ase X portion of the study. These were (ij Engine Displacement, (2) Nozzle 
D i s ~ l a c e r e n t ,  (3) Secondary In jec t ion ,  and (4) Jet Deflector Vanes. 
1. Candidate TVC Concept Screening 
Figure IV--60 presents  a summary matrix which indica tes  the 
tvpes of the above four candidate TVC concepts evaluated during t h i s  study. 
Note tha t  the major reasons f o r  re jec t ion  are l i s t e d  d i r e c t l y  below each 
s p e c i f i c  candidate. 
ajar considerations ( in  order of importance) f o r  screening 
TVC candidates were: (1) f e a s i b i l i t y  and performance, (2) r e l i a b i l i t y ,  
( 3 )  e f f e c t  on the a b i l i t y  of the engine t o  withstand vehicle recovery dynamic 
environments, (4) e f f e c t  of c l u s t e r  envelope on vehicle s i z e  and weight, 
(5)  reusabi l i  t y  , and refurbishment requireraents and cos t , c  , (6) system weight, 
and (7 )  i n i t i a l  cost .  
Nozzle displacement and j e t  de f l ec to r  vane concepts were 
rejected ear ly  in  the study and do not appear i n  any of the tradeoff summary 
tabulations.  
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The nozzle displacemen.. concept, although extremely a t t r a c t i v e  
for FFB aj ,71iss t ion,  would requi re  an extensive  development program t o  pe r f ec t  
a  r e l i e b l r  nozzle f l e x  j o i n t  s e a l .  
The j e t  vane concept would requi re  a  mater ia l s  development 
pragram i n  add i t i on  t o  a  c o s t l y ,  high-risk o v e r a l l  design e f f o r t .  
2 .  Tradeoff Scudies 
-- 
Basic c h a r a c t e r i s t i c s  f o r  some of the  more v i ab l e  t h r u s t  
vector  con t ro l  conceprs a r e  summarized, on a r e l a t i v e  b a s i s ,  i n  Figure IV-61. 
These candidates were s e l ec t ed  as a  r e s u l t  of comprehensive t radeoff  s t u d i e s  
described i n  the  following paragraphs. 
a. Secondary In j ec t ion  
Secondary i n j e c t i o n  th rus t  vec tor  con t ro l  allows the 
engines t o  bs mounted i n  a f ixed  pos i t ion .  This c a p a b i l i t y  enables c lo se  
c lu s t e r ing  of engines, s i m p l i f i e s  the  b o a t t a i l  s e a l  t ask ,  and allows s t r a i g h t -  
forward s t r u c t u r a l  reinforcement of engines such t h a t  they w i l l  be ab le  t o  
withstand l a rge  shock loads generated during recovery. Typical PFB engine 
concepts u t i l i z i n g  secondary i n j e c t i o n  TVC a r e  shown f n  Figure IV-62, 
Options A and G. 
Three bas i c  methods of secondary i n j e c t i o n  th rus t  vec tor  
con t ro l  were inves t iga ted .  These a re :  (1)  hot  gas i n j e c t i o n  (GITVC) , (2) 
react ive l i q u i d  i n j e c t i o n ,  and (3) i n e r t  l i q u i d  i n j e c t i o n  (both noted as  
L I T L C ) .  T h e  general  performance c h a r a c t e r i s t i c s  of these  methods o f  nozzle 
i n j ec t ion  th rus t  vector  con t ro l  are i l l u s t r a t e d  i n  Figure IV-63. Note t ha t  
the  highest  performance ( i . e . ,  l a r g e s t  j e t  de f l ec t ion  f o r  a given f lowrate)  
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is obta ined wi th  hot  gas i n j e c t i o n .  A 6" jet d e f l e c t i o n  can be  ob ta ined  wi th  
Gas i n ;  . :c t ion a t  f lowra tes  from approximately 5 t o  15% of t h e  a x i a l  flow. 
Scac t lve  l i q u i d  i n j e c t i o n  is ,  i n  genera l ,  lower performing than h o t  gas i n j e c -  
t i o n ,  with a 6' j e t  d e f l e c t i a n  obtained at f l o w r a t e s  from approximately 1 5  t o  
30% of t h e  a x i a l  f l c v r a t e .  Inert l i q u i d  i n j e c t i o n  is s t i l l  lower performing;  
approximatelv 4' maximum d e f l e c t i o n  1s t h e  b e s t  t h a t  can be a t t a i n e d  a t  
approximately 20 t o  60% of t h e  a x i a l  f lowrate .  
S p e c i f i c  i n j e c t a n t s  have been cons idered  w i t h i n  each 
b a s i c  method of nozzle  i n j e c t i o n  TVC. Some of  t h e s e  i n j e c t a n t s  a r e  noted  i n  
Figure IV-63 and are summarized i n  g r e a t e r  d e t a i l  i n  Figure  IV-64 . Con- 
s i d e r e d  f o r  each i n j e c t a n t  a r e  its performance c h a r a c t e r i s t i c s ,  development 
s t a t e  and svstem exper ience ,  response c h a r a c t e r i s t i c s ,  refurbishment  and pro- 
pel1 a n t  requirements ,  and an es t ima ted  weight  o f  t h e  a s s o c i a t e d  TVC s y : ~  tern. 
D e t a i l s  a r e  inc luded i n  t h e  fo l lowing paragraphs. 
(1) Hot Gas I n j e c t i o n  Thrus t  Vector  Contro l  
Three types  of  h o t  gas  i n j e c t i o n  were e v a l u a t e d  for 
t h e  pressure- fed  b o o s t e r  a p p l i c a t i o n .  These inc luded  chamber t a p o f f  h o t  g a s ,  
a precornb~sted  N 0 /N ?I s y s  t e m ,  and a decomposed N2H4 system. Adequate per- 2 4  2 4  
formance can be achieved w i t h  t h e  chamber t apof f  system and i t  has  t h e  added 
advantage of  u t i l i z i n g  t h e  main combustion chamber gases ,  thus  e l i m i n a t i n g  
the  requirement f o r  a s e p a r a t e  TVC p r o p e i l a n t  tankage. However, h o t  gas va lve  
d e v e l o ~ m e n t  has been an h i s t o r i c  problem w i t h  t h i s  concept and, a s  a r e s u l t ,  
i t  does n o t  appear  t o  be a n  attractive cand ida te  f o r  use  i n  t h e  pressure- fed  
boos t e r  . 
The h o t  gas valve problem can be  avoided, however, 
by s t o r i n g  and v a l v i n g  t h e  i n j e c t a n t s  as l i q u i d s  and combusting o r  decomposing 
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tikern j u s t  p r i o r  t o  i n j e c t i o n  i n t o  t h e  nozzle .  Such systems are high perforn-  
ing  because of t h e  high-temperature low molecular  weight  of  t h e  i n j e c t a n t  gas 
a s  i l l u s t r a t e d  by both t h e  N204/N2H4 b i p r o p e l l a n t  and t h e  N2H4 monopropellant 
s y s t e n  examples. The performance of t h e s e  systems h a s  been c a l c u l a t e d  us ing  
t h e  ~ r z c e d u r e  developed by Dahm (1) f o r  i d e a l  p e r f e c t  gas i s e n t r o p i c  expansion. 
The r e s u l t s  of these  ana lyses  are presen ted  i n  Figure IV--65 . A s i d e  I of 
S 
240 and 413 ibf -sec l lbm i s  p r e d i c t e d  f o r  t h e  N204/N2H4 system a t  jet  d e f l e c -  
t i o n  ang les  of lo and 6", r e s p e c t i v e l y .  These performance values  have beer  
c a l c u l a t ~ d  f o r  t y p i c a l  TVC des ign  cond i t ions  and are in tended only  t o  be repre-  
s e n t a t i v e  of t h e  t y p i c a l  perfomlance o f  a s p e c i f i c  system. The a c t u a l  I?r- 
formance v a l c e s  would, of courz- ,  be a  func t ion  of numerous des ign  v a l u e s  and 
t r a d e o f f s  and these  c o n s i d e r a t i o n s  are beyond t h e  scope of t h i s  survey. 
Ihe primary advantage o f  t h e  hot  gas i n j e c t i o n  
system is its r e l a t i v e l y  high performance. This  performance provides  t h e  
c a p a b i l i t y  of achieving l a r g e  j e t  d e f l e c t i o n  ang les  (v iz .  6') and r e s u l t s  i n  
r e l a t i v e l y  smal l  TVC p r o p e l i a n t  requirements .  For example, t h e  N 2 4  0 /N 2 4  H 
b i p r o p e l l a n t  and N H monopropellant systems r e q u i r e  only  8200 and 12,250 lbm 2 4 
of TVC p r o p e l l a n t s ,  r e s p e c t i v e l y ,  f o r  a 150 s e c  d u r a t i o n  a t  t h e  lo average 
je t  d e f l e c t i o n  angle .  This  i s  from 113 t o  112 of t h e  t o t a l  p r o p e l l a n t  
r equ i red  f o r  LITVC. 
Gaseous i n j e c t i o n  TVC systems,  however, h 
s e v e r a l  d isadvantages  f o r  t h e  PFB a p p l i c a t i o n .  F i r s t ,  wh i le  most of  t h e  com- 
poncnts f o r  t h e  GITVC system have been developed, l i t t l e  system exper ience  
has  been acquired .  Thus a l a r g e r ,  g r e a t e r  r i s k  development program would be  
requi red  f o r  precombus t e d  gaseous i n j e c t i o n  relative t o  l i q u i d  i n j e c t i o n  TVC. 
-- --- 
(1) Dahm, T. J . ,  A comprehensive A n a l y t i c a l  Procedure f o r  t h e  Performance 
P r e d i c t i o n  of Rocket Thrust  Vector Contro l  wi th  Gaseous Secondary 
I n j e c t i o n ,  AFRPL-TR-67-169, 1 June 1967. 
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Second, the refurbishment requirements f o r  the  precombus ted  GITVC system would 
be s i g n i f i c a n t l v  g rea t e r  than the  requirements f o r  LIi'VC. Each TVC t h r u s t e r  
r~ould have t o  be removed, cleaned and v e r i f i e d  f o r  f u r t h e r  f l i g h t  operat ion.  
In the case of monopropellant N H t h r u s t e r s ,  the  c a t a l y s t  bed would probably 2 1 
have t o  be replaced a f t e r  each f l i g h t .  The e n t i r e  precombustion LITVC system, 
because of i t s  increased complexity, would be more prone t o  adverse contamina- 
t i on  e f f e c t s  and l e s s  capable of reuse. In  addi t ion ,  while the  t o t a l  propel- 
l a n t  requirements a r e  considerably l e s s ,  the  hardware weight of the  GITVC 
sys ten  could be 5000 t o  6000 l b  more than t h e  weight of  the  LITVC system. 
m 
This coald s i g n i f i c a n t l y  reduce the  t o t a l  weight advantage of the  GIWC system 
by ac tua l ly  making i t  heav ie r  nea r  the  end of a mission when most of the  TVC 
prope l lan t  would be consumed. 
I n  summary, t he  precombusted gaseous i n j e c t i o n  
th rus t  vec tor  con t ro l  s y s  tern is the  highest  performing secondary i n j e c t i o n  
TVC sys ten  and is capable of meeting the  maximum 6 O  j e t  de f l ec t ion  angle 
requirement f o r  the  PFB. However, because of  l imi t ed  system experience,  
p o t e n t i a l  major refurbishment requirements, and r e l a t i v e l y  heavy and c o s t l y  
hardware, the  GITC'C system does not  appear f e a s i b l e  f o r  t he  PFB appl ica t ion .  
(2)  Reactive Liquid In j ec t ion  Thrust Vector Control 
Reactive l i q u i d  i n j e c t i o n  TVC is the  second b a s i c  
group of TVC systems considered f o r  PFB appl ica t ion .  Reactive l i q u i d s  include 
those l i q u i d s  which, when in j ec t ed ,  atomized, and vaporized, w i l l  r e ac t  wi th  
the  primary combwtion gases r e s u l t i n g  i n  the  r e l ea se  of  energy i n  t he  form 
of heat .  The hea t  re leased  becausc of reac t ion  r e s u l t s  i n  higher  performance 
r e l a t i v e  t o  the  i n e r t  l i q u i d  i n j e c t i o n  TVC case. For the  PFB app l i ca t ion ,  
the primary gas is composed of the  combustion products from the  reac t ion  of 
LOX/RP-1 a t  a O/F r a t i o  o f  2.6. These combustion products a r e  fue l - r ich .  
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having cornbusted a t  an equivalence  r a t i o  (O/F a c t u a l  t o  O/F s t o i c h i o m e t r i c )  
of 0.76, and thus r e a c t i v e  l i q u i d s  f o r  this case are comprised of  o x i d i z e r s  
such a s  LOX and X204. 
The p e r f ~ r m a n c e  of both  LOX and N 0 a r e  shown i n  2 4 
Figure IV-63 . The performance of LOX appears  t o  be adequate,  va ry ing  from 
approximately 200 t o  145 lbf-sec/ lbm f o r  jet d e f l e c t i o n  ang les  i n c r e a s i n g  from 
lo t o  6O, r e s p e c t i v e l y .  Achievement of t h e  maximum 6" d e f l e c t i o n  ang le  w i l l  
r e q u i r e  a LOX TVC f l o v r a t e  equa l  t o  21% of  t h e  primary gas f lowra te .  The per-  
formance of  t h e  N 0 system appears  t o  be  marginal ,  va ry ing  from approximatelg 2 4 
205 t o  106 lbf-sec/ lbm f o r  j e t  d e f l e c t i o n  ang les  from lo t o  6 O ,  r e s p e c t i v e l y .  
A t  6' d e f l e c t i o n  ang le ,  t h e  N 0 TVC f lowra te  requirement is  es t ima ted  a t  2 4 
n e a r l y  30Z of t h e  primary gas f lowra te .  
No system exper ience  i s  a v a i l a b l e  f o r  LOX LITVC, 
and t h r u s t  chamber t e s t i n g  i n d i c a t e s  a p o t e n t i a l  c a m p a t i b i l i t y  problem between 
the  i n j e c t e d  LOX and t h e  nozzle  w a l l  downstream o f  t h e  i n j e c t i o n  p o r t s .  A s  a 
r e s u l t ,  a r e l a t i v e l y  h igh- r i sk  development program is  fo reseen  f o r  LOX TVC. 
The refurbishment  requirements  f o r  LOX as for  a l l  LITVC systems a r e  n o t  pro- 
h i b i t i v e  s i n c e  the  TVC system can be i s o l a t e d  from t h e  recovery environment 
downstream of a l l  s i g n i f i c a n t  hardware. I n  a d d i t i o n ,  t h e  hardware w i l l  b e  
s imple r ,  less expensive,  and weigh l e s s  than  t h e  GITVC hardware, thus  reducing 
the  G I T V C  t o t a l  p r o p e l l a n t  requirement advantage. Considerably more system 
experience is a v a i l a b l e  f o r  N 0 but  nozz le  c o m p a t i b i l i t y  s t i l l  may b e  a 2 4' 
problem. The refurbishment  requirements  and system weight  of  the  N 0 and LO2 2 4 
systems a r e  s i m i l a r .  
I n  summary, r e a c t i v e  l i q u i d s  f o r  TVC appear  t o  have 
a t  b e s t  adequate performance t o  ach ieve  t h e  6' r equ i red  maximum jet d e f l e c t i o u  
angle.  While some system exper ience  is a v a i l a b l e  for  this t y p e  of TVC, 
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p o t e n t i a l  nozzle  c o m p a t i b i l i t y  problems make t h e  development program uncer ta in .  
Refurbishment requirements  dc n o t  appear  t o  be  s i g n i f i c a n t  and t o t a l  system 
:wight appears  t o  be  compet i t ive  w i t h  t h e  GITVC, i .e. ,  g r e a t e r  p r o p e l l a n t  
requirszents  bu t  less hardware weight.  
( 3 )  I n e r t  Liquid I n j e c t i o n  Thrust  Vector Contro l  
Iilert l i q u i d  i n j e c t i o n  TVC i s  t h e  t h i r d  b a s i c  group 
of TVC s y s t e m  considered  f o r  t h e  PFB a p p l i c a t i o n .  To be e f f e c t i v e ,  i n e r t  
l i q u i d s  must be  r a p i d l y  vapor ized  a f t e r  i n j e c t i o n .  Even s o ,  i n e r t  l i q u i d s  a r e  
g e n e r a l l y  lower performing than r e a c t i v e  l i q u i d s  and, as smwn i n  Figure I?'-63, 
probablv a r e  l i m i t e d  t o  a maximum jet d e f l e c t i o n  ang le  of approximate1.y 4 ' .  
I n e r t  l i q u i d s  are a t t r a c t i v e  f o r  TVC from t h e  
systems exper ience  s t andpo in t .  I n e r t  l i q u i d  i n j e c t i o n  TVC has  been used wi th  
many engice  svs terns inc lud ing  both  s o l i d  and l i q u i d  p r o p e l l a n t  t h r u s t  chambers. 
Design techniques a r e  known and performance c h a r a c t e r i s t i c s  are reasonably 
p r e d i c t a b l e ,  which i n d i c a t e s  a  r e l a t i v e l y  low-risk development program. How- 
e v e r ,  a  c e r t a i n  amount: of "trial and er ror1 '  development is normally requ i red  
t o  p e r f e c t  the  system, which tends  t o  i n c r e a s e  development c o s t s .  Refurbish-  
ment and reuse  requirements would be  e a s i l y  m e t  w i th  l i q u i d  i n e r t s .  System 
weight would be  g r e a t e r  because of  t h e  l a r g e r  p r o p e l l a n t  u2quirernents due t o  
the  r e l a t i v e l y  lower performance. However, t h e  system hardware weight would 
be minimum, r e s u l t i n g  i n  a weight  sav ings  n e a r  t h e  end o f  ;he f i r i n g  d u r a t i o n  
o r  a f t e r  dumpine of excess  i n j e c t a n t ,  as t h e  case  may be. 
Three s p e c i f i c  i n e r t  l i q u i d s  were inc luded i n  t h i s  
survey:  (1) N2H4, (2)  C3H8, and (3) Freon 114B2. The N H and C H are est i -  2 4 3 8 
mated t o  be h i g h e r  performing than t h e  Freon 114B2, bu t  a l i m i t e d  amount of 
TVC exper ience  has  been obta ined w i t h  t h e  former two i n j e c t a n t s .  I n  a d d i t i o n ,  
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t h e  perf<~rmance of t h e  N H and C H i n j e c t a n t s  is dependent upon ach iev ing  2 4 3 8 
comp1.ete v a p o r i z a t i o n  and decompos$tion ( f o r  t h e  N H case)  and t h i s  can be a  2 4 
problem wi th  t h e s e  i n j e c t a n t s .  On t h e  o t h e r  hand, much TVC system exper ience  
e x i s t s  us ing  Freon and i ts  performance has  n o t  been vapor iza t ion  l i m i t e d .  
I n  summary, i n e r t  l i q u i d s  a r e  no t  f e a s i b l e  f o r  t h e  
PFB a p p l i c a t i o n  because t h e i r  i n h e r e n t  low performance r e s t r i c t s  t h e i r  a p p l i -  
c a t i o n  t o  a maximum j e t  d e f l e c t i o n  ang le  of approximately 4'. Below j e t  
d e f l e c t i o n  angles  of 3 t o  4', TVC wi th  i n e r t  l i q u i d  i n j e c t i o n  is f e a s i b l e  and 
a t t r a c t i v e  because of  t h e  r e l a t i v e l y  l a r g e  amount of  system exper ience  and 
performance p r e d i c t a b i l i t y .  
( 4 )  Auxi l i a ry  Propuls ion  Thrus t  Vector  Control  
I n  a d d i t i o n  t o  t h e  ~omewhat conventional  secondary 
i n j e c t i o n  systems p rev ious ly  d i scussed ,  a  unique f l u i d  i n j e c t i o n  TVC s y s  tern 
w e s  a l s o  i n v e s t i g a t e d  t o  determ'ne i t s  t o t a l  system performance as compared t o  
t h e  performance of a s i n g l e  convent ional  t h r u s t  chamber. This  approach u t i l i z e s  
a  concept of 24 secondary t h r u s t e r s  l o c a t e d  a t  t h e  primary nozz le  e x i t  t o  
achieve  sequence TVC. This  b i p r o p e l l a n t  (LOX/RP-1) gaszous i n j e c t i o n  approach 
augments t h e  t h r u s t  of the  primary engine by d i r e c t i n g  t h e  secondary t h r u s t  
v e c t o r s  a t  an ang le  of 30' t o  t h e  a x i a l  t h r u s t  v e c t o r .  A t  l i f t o f f ,  t h e  
secondary t h r u s t e r s  would c o n t r i b u t e  540,000 l b f  t o  t h e  a x i a l  t h r u s t  whi le  
the primary t h r u s t  chamber would c o n t r i b u t e  560,000 l b f  f o r  a t o t a l  t h r u s t  of 
1 . 1 I 4  l b f .  T h r o t t l i n g  of  t h e s e  secondary engines  dur ing  t h e  l a t t e r  phase of  
the  f l i g h t  f o r  ve i l jc le  a c c e l e r a t i o n  and dynamic p r e s s u r e  c o n t r o l  would reduce 
the o v e r a l l  t h r u s t  t o  approximately 600K l b f .  The p r i m a r j  t h r u s t  chamber would 
have an a r e a  r a t i o  of 6 : l  while  the  secondary t h r u s t e r s  would have a r e a  r a t i o s  
of 3 : l .  Both have chamber p ressures  of 250 p s i a .  
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S ince  t h e  secondary t h r u s t e r s  a r e  canted  30" t o  t h e  
primary t h r u s t  chamber a x i a l  t h r u s t  v e c t o r ,  a  s i d e  f o r c e  is genera ted  bv an 
i n d i v i d u a l  t h r u s t e r  equal  t o  t h e  Fthrus ter x SIN 30'. When a l l  t h r u s t e r s  a r e  
f i r i n g ,  t h e i r  s i d e  t h r u s t  components c a n c e l  each o t h e r .  Thrust  v e c t o r  con- 
t r o l  can thus  be achieved by t h r o t t l i n g  o r  t u r n i n g  o f f  a p p r o p r i a t e  t l r u s t e r s .  
Since each t h r u s t e r  c o n t r i b u t e s  approximately 2% o f  the  tota: t h r u s t ,  a x i a l  
t h r u s t  w i l l  be diminished dur ing  TVC o p e r a t i o n s .  For t h e  maximum j e t  de f l ec -  
t i o n  ang le  of 6* ,  a x i a l  t h r u s t  w i l l  be  reduced by somewhat more than 12%. 
The performance of t h i s  system is shown i n  
Figure IV-66 a s  a  func t ion  of a l t i t u d e .  Also  shown a r e  t h e  e s t i m a t e d  
s p e c i f i c  impulse f o r  a  convent ional  s i n g l e  TCA, t h e  e q u i v a l e n t  a x i a l  s p e c i f i c  
impulse of the  secondary t h r u s t e r ,  and t h e  o v e r a l l  s p e c i f i c  impulse of t h e  
proposed combined TCA and 24- th rus te r  ulit with a l l  t h r u s t e r s  f i r i n g  a t  f u l l  
t h r u s t .  A s  t h e  'ess e f f i c i e n t  secondary thrusters are t h r o t t l e d  back, t h e  
performance of t h e  combined u n i t  w i l l  approach t h e  performance of  t h e  s i n g l e  
a x i a l  TCA. 
b  . Engine Displacement 
Engine displacement  t h r u s t  v e c t o r  c o n t r o l  (TVC) is  
achieved by r o t a t i n g  the  e n t i r e  t h r u s t  chamber through some ang le  t o  d i s p l a c e  
the  t h r u s t  v e c t o r  from p a s s i n g  through t h e  v e h i c l e  c.g. and thus  prdducing a 
c o n t r o l  moment. 
This  method of t h r u s t  v e c t o r  c o n t r o l  i s  used e x t e n s i v e l y  
i n  rocket  propuls ion  systems which employ l i q u i d  f u e l  rocke t  engines .  ALRC 
has  cons ide rab le  exper ience  i n  p e r f e c t i n g  both head-end and t h r o a t  gimbaled 
t h r u s t  v e c t o r  c o n t r o l  engine systems. 
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The miin advantages of  t h e s e  cypes of systems a r e  t h a t  
they a r e  high performance, s t a t e - o f - t h e - a r t ,  low develo?ment c o s t  and r i s k  
methods of providing TVC, backed by an abundance of exper ience .  Also, t h e i r  
performance c h a r a c t e r i s t i c s  a r e  e a s i l y  v e r i f i e d ,  s i n c e  they a r e  a f u n c t i o n  of 
t h r u s t  chamber motion. 
Four b a s i c  types  o f  engine displacement  TVC systems were 
eva lua ted  f o r  use wi th  t h e  PFB v e h i c l e ;  they  a r e :  (1) head-end gimbaled, 
( 2 )  t h r o a t  ( o r  c .g.)  gimbaled, (3)  head-end hinged,  and (4) t h r o a t  ( o r  c .g . )  
hinged. The b a s i c  c h a r a c t e r i s t i c s  f o r  t h e s e  systems a r e  p resen ted  i n  
Figure IV-67 i n  terms o f  gimbal ang le  and ra te  r e q u i r e m e n ~ s ,  a c t u a t o r  s i z e  
and hydrau l i c  system requirements ,  s t r u c t u r a l  dynamic response c h a r a c t e r i s t i c s ,  
es t imated  dynamic loads ,  system weights ,  and v e h i c l e  i n t e g r a t i o n  space requi re-  
1 I ments. Note t h a t  t h e  "hinged a t  c.g. c o n f i g u r a t i o n  is the  most a t t r a c t i v e  I n  
n e a r l y  a l l  a r e a s .  This  c o n f i g u r a t i o n ,  a s  w e l l  a s  t h e  two gimbal c o n c e ~ t s ,  
u t i l i z e s  t h e  e x i s t i n g  moog S-1C a c t u a t o r .  A requirement f o r  each of t h ?  engine 
displacement  TVC systems,  :lot i n d i c a t e d  i n  Figure IV-67 , is an au : : i l i a~y  
power u n i t  t o  d r i v e  t h e  v a r i a b l e  displacement  h y d r a u l i c  pumps. A smal l  a u x i l -  
i a r y  t u r b i ~ ~ e  should be adequate.  
The minimum n a t u r a l  gimbal frequency t o l e r a b l e  by t h e  
17ehicle guidance c o n t r o l  system is  assumed t o  be 5 Hz. The maximum requ i red  
gimbal r a t e  of ! jO/sec  shown i n  Figure  IV-67 i~ taken from t h e  Moog S-1C 
a c t u a t o r  s p e c i f i c a t i o n s ,  f o r  t h e  S-1C engine  gimbal system. The s t a r t  t r an -  
sient moments shown i n  Figure IV-67 a r e  e s t ima ted  f o r  t h e  PFB engine. by s c a l -  
i n g  measure loads  r'rom t n e  T i t a n  I1 ' ge I engine  ( E  = 8 : l )  according t o  
t h r u s t  r a t i o .  
A d i s c u s s i o n  of each o f  t h e  above four  TVC systems is 
conta ined i n  che fo l lowing paragraphs.  Emphasis is placed or1 the  d i s t inc t :  
advantages and d isadvantages  of each system. 
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(1) Head-end Gimbzled 
Head-e.~d gimbaled engines  a r e  sltown i n  concept i n  
Figure IV-62 "options D, E, and F." This  method i s  an e f f e c t i v e  and e f f i c i e n t  
means of a t t a i n i n g  ir:li-ust vectGr c o c t r o l ,  and is backed by a g r e a t  2eal of  
exper tence .  Double p lane  motion is  r e q u i r e d  i n  t h e  p r o p e l l a n t  feed  l i n e s  ~ h i c h  
can be  ach ieveJ  by r o t a r y  s e a l  j o i n t s  (used on T i t a n  I,  Stages  I and 11), 
a r t i c u l a t e d  l i n e s  (used on T i t a n  I1 and 111, Stages L and 11; a l s o ,  on D e l t a  
Stage  11) ,  cr p r e s s u r e  volume ecmpensating (PVC) bel lows (used on Sa tu rn  S-1C). 
Severa l  hundred d i f f e r e n t  a c t u a t o r s  have been I ;ec; 
i n  a i r c r a f t  and space  f l i g h t  a p p l i c a t i o n s .  Cur ren t ly ,  i t  appears  JQ i f  the  
Moog S-1C ac tua tGr  can be used wi th  t h e  ALRC PFB engine. However, develo* .ent  
c o s t s  f o r  a  new a c t u a t o r  u s i n g  an  e x i s t i n g  zoncept g e n e r a l l y  ranges from one- 
h a l f  t o  orle m i l l i o n  do1 l a r s .  
The ALRC PFB sngine  c l u s t e r  p a t t e r n  f o r  head-end 
gimbaling is seven eng ines ,  s i x  of them e q u a l l y  spaced on a 31.6 f t  dinmeter  
wi th  the  seventh  i n  t h e  c e n t e r .  Ali seven engines  w i l l  gimbhl, ?rovid<ng 
omnid i rec t iona l  TVC c a p a b i l i t y .  Engine spac ing  a l lows  f o r  one of two a d j a c e n t  
engines t o  gimbal t o  t h e  maximum ang le  toward t h e  second m g i n e ,  h e l d  a t  t h e  
n u l l  p o s i t i o r  , without  I n t e r f e r e n c e .  
Thrus t  take-out occurs  a t  th?  gimbal p o i n t  w i t h  
head-2nd gimbaled eng ines ,  and t h r u s t  chambers a r e  n o t  s u b j e c t e d  to  s i g n i f i c a n t  
s h e a r  f o r c e s  and bending moments dur ing  t h r u s t  v e c t o r i n g  s i n c e  t h e  e n t i r e  
chamber i s  d i s p l a c e d  such t h a t   he a x i a l  c e n t e r l i n c  of t h e  chamber always 
passes  through the  gimbal po in t .  A s i n g l e  p o i n t  t h r u s t  take-out arrangement 
usua l ly  s i m p l i f i e s  i n t e g r a t i o n  of t h e  engine  and v e h i c l e .  
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Although head-end gimbaling is an  extremely a t  t r a c -  
t i v e  method of achievlng t h r u s t  v e c t o r  c o n t r o l  f o r  t h e  ?FB, i t  has  s e v e r a l  
d i s t i n c t  disadvantages.  It is a f a c t  t h a t .  f o r  a l l  gimbaled engine  systems 
u t i l i z i n g  a r t i c u l a t e d  l i n e s  o r  PVC b e l l w s ,  a s u b s t a n t i a l  p o r t i o n  of t h e  
a c t u a t o r  f o r c e  i s  requi red  j u s t  t o  overcome f r i c t i o n  and s p r i n g  rate f o r c e s  
imposed upon the  t h r u s t  chamber by t h e  p r o p e l l a n t  l i n e s  whi le  i n  t h e  a c t  of 
gimbaling. Asymmetric p r e s s u r e s  and/or  geometr ic  c o n s i d e r a t i o n s  be tween t h e  
tw,~ p r c p i i l ~ n t  l i n e s  a l s o  results ir? f c r c e  iiabalances which must be compen- 
s a t e d  f o r  by t h e  a c t u a t o r s  through t h e  i n j e c t o r  dome. Also, s i n c e  head-2nd 
gimbhlled engines  are suppor ted  asymmetrical ly ( i . e . ,  gimbal. p o i n t  and two 
a c t u a t o r s  virh mment amas a t  r i g h t  ang les  t o  each o t h e r ) ,  s t a t i c  coupl ing  
e x i s t s  which cavses i n t e r t i a l  mments  t o  be  genera ted  a long t h e  l o n g i t u d i n a l  
c e n t e r l i n e  of  the  t h r u s t  charrber dur ing  r a p i d  1.uildup o r  decay of  engine 
t h r u s t  . 
However, the  two m o s t  s i g n i f i c a n t  d isadvantages  of  
the head-end girtbaled conf igura t ion  a r e ,  (1) t h e  large moments througnout t h e  
engine s t r u c t u r e ,  and r e s u l t i n g  l a r g e  r e a c t i v e  loads  a t  the a c t u a t o r s  and 
gimbal p o i n t  due t o  l a r g e  vehi tle slamming accelerations d u r i n s  recove;v; and, 
( 2 )  the  complexi t ies  involved ir. des igning a "hat tai 2" seal, since chs  seal 
w i l l  5e r equ i -od  t o  a l low both  r o t a t i c n  and t r a n s l a t i o n  of  t h e  sng ine  a t  t h e  
s e a l i n g  p l m e .  
I n  regard  t o  t h e  sJ-amming l o a d s ,  an  es t ima ted  value  
6 
of 3.893 x 10 in . - lb ,  t o  be reac ted  a t  t h e  engine  ?lead, is p r e d i c t e d  f o r  a 
l a t e r a l  a c c e l e r a t i o n  of  1 0  g's. The r e a c t i v e  loads  i n  t h i s  c a s e ,  f o r  t h e  
coup12 formed by t h e  gimbal p o i n t  and both  s c t b a t o r s  a r e  approximately 
233,000 l b .  For 20 g's a c c e i s r a t i o n  t h e s e  v a l w s  would i n c r e a s e  t o  466,OOC l b .  
Since no t h r u s t  e x i s t s  a t  t h e  time t h e s e  loads  are imposed, the  gimbai p o i n t  
must be designed t o  wi ths tand a t e n s i l e  l o a d  of  t h i s  magnitude. The a c t u a t o r s  
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would a l s o  be  required t o  withstand these  loads and the  r e s u l t i n g  moments 
would be t ransmit ted through the t h r u s t  chamber. 
The magnitudes of these  forces  a - ~ d  moments could b e  
reduced subs t a n t i a l l y  by allowing the  gimbal ac tua to r s  t o  double as hydraul ic  
shock absorbers.  This concept is i l l u s t r a t e d  by the  a c t u a t o r  schematic diagram 
shown i n  Figure IV-68 . The spool on the  se rvo  valve is  mechanically, sp r ing  
ceutered when the  ac tua to r  is  nonoperational.  This ac t ion  causes the  f l u i d  
on both s i d e s  of the  ac tua to r  t o  be "locked in". Application of an ex t e rna l  
force t e  the pistoz rob then causes a d i f f e r e n t i a l  p ressure  across  the  pressure 
r e l i e f  valve. When the  designated r e l i e f  pressure  is a t t a i n e d ,  the  valve opens 
allowing f l ~ i d  communication across  the  p i s ton  through an o r i f i c e ;  i n  tu rn ,  
al1o:ring displacement of the  pis ton.  The n e t  r e s u l t  is the  reduction of loads 
due t o  imposed forces ,  a t  the  expense of ecgine exursion. Obviously, che 
r e l i e f  pressure must be g r e a t e r  than the  a c t u a ~ o r  hydraul ic  supply ?ressure .  
(2) Throat o r  c.g. Gimbaled 
ALRC has  considerab1.e exper fe tze  i n  developing and 
per fec t ing  th roa t  gimbaled engine systems. Both the  Apollo SPS engine, and 
the Transtage engine employ t h i s  concept. Both use a r t i c u l a t e d  propel lant  
l i q e s .  
The t h r o a t  o r  c.g. gimbaled conf igurat ion employs 
a p a i r  of t h rus t  take-out s t r u t s  which are connected t o  the  engine i n j e c t o r  
flange and a r e  hinged a t  the  opposite end t o  a cbrust  take-out ring: The r ing ,  
i n  turn ,  p ivo ts  on an  a x i s  a t  r i g k t  angles t o  t!le s t r u t  hinge a x i s ,  thereby 
allowing simultaneous ro t a t i on  i n  two planes. 
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Much of what has been dfscussed f o r  t he  head-end 
gimbaled system, i n  the  previous s ec t ion ,  app l i e s  a l s o  t o  the  c.g. gimbaled 
concept. The engine c i u s t e r  pa t t e rn ,  f o r  example, is similar t o  t h a t  described 
f o r  the head-end gimbaled engine,  but is s l i g h t l y  smal le r  as can be seen i n  
Figure IV-67 . The discussir>n of loads imposed upon the t h rus t  chamber assembly 
by the  prope l lan t  l i n e s  a l s o  appl ies  t o  t h r o a t  gimbaled systems. 
The main advantages of t h i s  type of system over a 
head-end gimbaled s y s  tern are, (i) reduction of the  r o t a t i o n a l  mass proper t ies  
and the  a r c  length a t  nozzle e x i t  plane ( f o r  a given angular  excursion) a s  2 
r e s u l t  of reducing the  d i s tance  from the  gimbal point  t o  the  engine e x i t  plane,  
(2) e l iminat ion o r  minimization of moments due t o  slamming acce l e ra t i ons  by 
suppar t ing the t h r u s t  chamber a t  o r  nea r  i ts c.g., and (3) s i x p l i f i c a t i o n  of 
the  "boat tail" s e a l s  problem s i n c e  the  t r a n s l a t i o n  requirement i s  el iminated 
i f  the  s e a l  is appl ied a t  the  gimbal plane. 
3 - e  main disadvantages of the  t h r o a t  ginbaled TVC 
system a re ,  (1) system weight - the  t h r u s t  take-gut r i n g  required f o r  each PFR 
engine w i l l  weigh an est imated 3400 pounds, and (2) the t h r u s t  take-out s t r u t /  
r i ng  conf igurat ion cannot r eac t  the  shea r  forces  r e s u l t i n g  from slamming 
acce le ra t ions .  
(3) Throat o r  c.g. Hinged 
Eliminating the  need f o r  a t h r u s t  take-out r i ng  and 
s t r u t  assembly by hinging thz  t h r u s t  chamber a t  i ts c.g. and allowing only 
s i n g l e  plane r o t a t i o n  (see Figure IV-62, Option H) provides a marked 
improvement over the t h roa t  gimbaled system. Supporting the  engine i n  t h i s  
l~rarlller provides a pos i t i ve ,  v iab le  method of contending w i t h  t he  l a r g e  shea r  
forces generated by slamming acce le ra t ions .  Not only does t h i s  con£ igura t ion  
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enhance the p o s s i b i l i t y  of providing e f f e c t i v e ,  l i g h t  wej.ghi per ipheral  s t ruc -  
t u r e s  t o  help r e l i eve  s t r e s s  l e v e l s  i n  the  combustion chamber ( p a r t i c u l a r l y  i n  
t h e  throat area) during vehicle  recovery, but  i t  lends i t s e l f  wel l  t o  the  
incorporat ion of shock absorbing devices t o  minimize loads.  Such a device 
is i l l u s  t rat ronceptual l y  i n  Figure IV-69 . 
The engine c l u s t e r  envelope (47.2 f t  d i a )  required 
f o r  t h i s  conf igurat ion,  a s  compared t o  a l l  o t h e r  types of TVC systems, is 
extremely a t t r a c t i v e ,  a s  can be seen from Figures I V - 6 1  and IV-67 - (Id;. 
liquid i n j e c t i o n  systems requi re  a smaller envelope ; however, the  LITVC sys  tern 
weight exceeds t h a t  of the  t h roa t  hinged TVC system by more than 
28,500 l b .  The c l u s t e r  and excursion p a t t e r n  f o r  the  hinged TVC system is 
shown i n  Figure IV-70 . 
Placing the  cen te r  o f  the  prope l lan t  l i n e  bellows 
on the engiae hinge a x i s  as shown i n  Figure TV-62 , Option H s i m p l i f i e s  the  
l i n e  rou t ing  and f lex ing  probl-ems extensively .  A " f i r s t  cut" design of these  
bellows required f o r  each prope l lan t  l i n e  has been performed, the  r e s u l t s  of 
whtch are presented i n  Figtzre IV-71 . Note t h a t  the  hinged engine concept 
wi th  the  l i n e  rou t ing  as defined i n  Figure I V - 6 2  , Opticn H is compatible 
with a s i n g l e  pass,  pass and a h a l f ,  o r  double pass  regen cooled t h r u s t  
chamber. R ~ t a t i o n a l  displacement of the  prope l ian t  l i n e  can a l s o  be accom- 
p l i shed  using r o t a t i o n  s e a l  j o i n t s  as depicted i n  Figure I V - 6 2  , Option C. 
This method, however, requ i res  more space f o r  l i n e  rou t ing  as can be seen i n  
t h e  i l l u s t r a t i o n .  
A suggested t h r u s t  take-out s t r u c t u r e  concept is 
two properly supported concentr ic  c i r c u l a r  beams as depicted i n  Figure I V - 6 2  , 
Option 14 . The design of a "boat ta i l"  s e a l  is s imp l i f i ed  f o r  the  t h roa t  
:iinged concept over a l l  o t h e r  inethods of engine displacement, s i n c e  only 
flexing i n  s i n g l e  plane ro t a t i on  is required.  
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Only seven gimbal ac tua to r s  a r e  required f o r  the  
hinged engine conf igurat ion while 14 a r e  required f o r  t he  gimbaled engine 
systems. Elimination of ac tua to r s  and assoc ia ted  hydraul ic  supply systems 
r e s u l t s  i n  a weight savings of 3570 l b  per  veh ic le  f o r  the  hinged engine 
system. Also, i t  appears t h a t  the  e x i s t i n g  Moog S-1C hydraul ic  ac tua to r  can 
be used  with the  ALRC t h roa t  hinged PFB engine. 
The th roa t  hinged engine concept i s  a s imp l i f i ca t ion  
of the  t h roa t  gimbaled configuration.  ALRC has a grea t  deal  of experience i n  
the  design and manufacturing of  t h i s  type of erLgine system; there fore ,  the  
t h roa t  hinged conf igurat ion can d e f i n i t e l y  be c l a s s i f i e d  as s ta te-of- the-ar t  
technology. 
(4) Head-end Hinged 
The head-end hinged concept i s  i l l u s t r a t e d  i n  
Figure IV-62 , Options B and C. The one advantage of t h i s  system over the  
head-end gimbaled oystem is t h a t  rou t ing  and f lex ing  of p rope l lan t  l i n e s  is 
s impl i f ied .  The two bellows described i n  Figure IV-71 a r e  appl icab le  f o r  
t h i s  case. 
The head-end hinged conf igurat ion,  hob-ver,  has the  
same bas i c  disadvantnge as the  head-end gimbaled conf igurat ion;  t h a t  i s ,  the  
moments due t o  s l ~ s m i n g  acce l e ra t i ons  are extremely la rge .  I n  add i t i on ,  the  
head-end hinged conf igurat ion requi res  the  l a r g e s t  c l u s t e r  envelope of a l l  
candidates (51.5 f t )  . 
The e x i s t i n g  Mocg S-1C ac tua to r  is not  adequate t o  
meet the  ac tua to r  requirements f o r  the  head-end hinged system, there fore ,  
design and de-~elopment of a new ac tua to r  is a l s o  required.  
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The general  c h a r a c t e r i s t i c s  of the  head-end hinged 
conf igurat ion a r e  given i n  Figure IV-67 . Note t h a t ,  o v e r a l l ,  i t  i s  the  l e a s t  
a t t r a c t i v e  of the  four  engine displacement candidates.  
c. Nozzle Displacement 
Nojzle displacement t h r u s t  vec tor  con t ro l  is accomplished 
by c rea t ing  an angular  de f l ec t ion  c _ '  the  nozzle e x i t  cone. A nozzle displace-  
ment  concept is i l l u s t r a t e d  i n  Figure IV-72. 
The advantages of being ab le  t o  provide t h r u s t  vec tor  
con t ro l  f o r  the  PFB engine by nozzle displacement a r e  s i g n i f i c a n t .  P a r t i c u l a r l y  
a t t r a c t i v e  a r e ,  (1) the a b i l i t y  t o  minimize the  engine c l u s t e r  envelope, and 
hence, the  "boat ta i l"  s i z e  and weight, and (2) t he  a b i l i t y  t o  support  the  
engine s t r u c t u r e  i n  a manner which w i l l  minimize s t r e s s e s  r e s u l t i n g  from water 
r e tn  t r y  dece le ra t ion  and slamming loads. 
To da t e ,  very few rocket  propulsion systems employ t h i s  
type of t h r u s t  vector  con t ro l .  Howsver, t h e  Aeroje t  So l id  Propulsion Company 
u t i l i z e d  t h i s  method succes s fu l ly  on the  e a r l y  Minuteman Stage I1 motors. 
Aerojet  companies, as w e l l  a s  o t h e r  rocket  propulsion 
system manufacturers, have conducted considerable development and t e s t i n g  pro- 
grams i n  a t tempts  t o  pe r f ec t  nozzle displacement techniques. Most of these  
systems provide f lex-seal  j o i n t s  a t  o r  downstream o f  the  t h roa t  and have been 
t e s t ed  wi th  s o l i d  rocket  motors. The exhaust gases from s o l i d  p rope l l an t s ,  
however, contain  metal p a r t i c l e s  which cause abras ion of the  seals. ALRC 
be l ieves  t h a t  the  inheren t  c h a r a c t e r i s t i c s  of  l i q u i d  prope l lan t  exhaust pro- 
ducts enhance the  p o s s i b i l i t y  f o r  success wi th  t h i s  type of TVC system. 
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I n  a d d i t i m  t o  hardware development problems, it is 
recognized t h a t  d e f l e c t i n g  the  nozzle i n  the  s u p ~ r s o n i c  region is  not  the  most 
e f f i c i e n t  nor des i r ab l e  me ,hod of  obta ining t h r u s t  vectoring.  Howevei, i t  i s  
h i g h l y  poss ib le ,  i n  the case nf the  PFB, t h a t  the  advantages of u s i ~ ~ g  t h i s  
method w i l l  f a r  outweigh che disat!vantages. 
State-of-the-art  technology prevents the  nozzle displace-  
ment TVC concept from being a v i ab l e  candida t  f o r  the  PFB engine. However, 
ALRC s t rongly  recommends t h a t  a development ;-.-ogram be conducted t o  pe r f ec t  a 
sys  tern f o r  fu ture  app l i ca t ions  involving engine c l u s t e r s .  
d. Def lector  Vanes 
J e t  d e f l e c t o r  vanes were el iminated e a r l y  a s  a v iab le  
candidate f o r  PFB t h r u s t  vec tor  control  because of mater ia l  development 
requirenents associa ted with cont inua l  exposure t o  hot  exhaust gases for  a 
period of 150 sec.  Also, the  performance c h a r a c t e r i s t i c s  of  t h i s  type of TVC 
;ys t e m  are ques cionzble . 
Jet d e f l e c t o r  vanes a r e  a i r f o i l s  located i n  the  exhaust 
stream of the nozzle j u s t  a f t  of the  e x i t  plane. Def lect ion of the  vane pro- 
duces a l a t e r a l  ' l i f t  force  a t  the  nozzle e x i t  r e s u l t i n g  i n  a displacement of 
the t h rus t  vector .  
L i t e r a t u r e  i nd i ca t e s  t h a t  the  mater ia l  proble,~ls assoc ia ted  
- 7  , 
with constant  exposure of the  vanes t o  the  exhaust environments have not  been 
f u l l y  solved,  desp i te  extensive  materials t e s t i n g  programs conducted during 
development nf the  Sergeant and Pershing mis s i l e  programs. 
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R e l i a b l e  a n a l y t i c a l  methods o f  p r e d i c t i n g  the  performance 
of j e t  vane TVC systems a r e  p r a c t i c a l l y  nonex i s t en t .  H i s t o r i c a l l y ,  des ign  of  
j e t  vane TVC systems has  been accomplished on an exper imenta l  b a s i s  f o r  s p e c i f i c  
a p p l i c a t i o n s .  
TVC Concept S e l e c t i o n  
The TVC c0ncej.t s e l e c t e d ,  as a r e s u l t  of  t h e  Phase A PFB 
t r a d e  s t u d i e s ,  f o r  use w i t h  t h e  ALRC b a s e l i n e  engine i s  t h e  " th roa t  ( o r  c.g.)  
hia;?;edW concept ,  %.e "head-end gimbaled" coccept will be carried as i u r  ai ter-  
n a t i v e  i n  t h e  even t  t h a t  u n a n t i c i p a t e d  d i f f i c u l t i e s  o r  requirement changes, 
which make t h e  " t h r o a t  hinged" concept  less a t t r a c t i v e ,  occur  dur ing  t h e  f u t u r e  
development of t h e  PFB program. Both, " t h r o a t  hinged" and "head-end gimbaled", 
c o n f i g u r a t i o n s  appear  t o  be  compatible w i t h  t h e  e x i s t i n g  Moog S-1C a c t u a t o r .  
The choice of the  " t h r o a t  hinged" TVC system is  in f luenced  
l a r g e l y  by (1) t h e  i n h e r e n t ,  p rospec t ive  des ign  c a p a b i l i t i e s  i n  d e a l i n g  wi th  
t h e  l a r g e ,  l a t e r a l  a c c e l e r a t i o n ' s  a n t i c i p a t e d  dur ing  v e h i c l e  recovery,  and 
(2 )  s i m p l i f i c a t i o n  of  r o u t i n g  and f l e x i n g  o f  t h e  l a r g e  p r o p e l l a n t  i n l e t  l i n e s .  
The " i n e r t  l i q u i d  i n j e c t i o n "  TVC system a l s o  a f f o r d s  bo th  of  
t h e s e  a t t r a c t i v e  c h a r a c t e r i s t i c s ,  perhaps even t o  t h e  g r e a t e s t  degree,  however, 
i t  cannot meet t h e  b a s i c  maximum t h r u s t  v e c t o r  d e f l e c t i o n  requirement.  Also, 
secondary i n j e c t i o n  TVC systems r e q u i r e  des ign  and f a b r i c a t i o n  of  multicomponent 
s t a t i c  test s t a n d s  i n  o r d e r  t o  v e r i f y  TVC performance. These s t a n d s  are sub- 
s t a n t i a l l y  more complex and c o s t l y  than  test s t a n d s  requ i red  f o r  S L ~ L ~ C  f i r i n g  
of  engines which employ t h r u s t  chamber d i s p l ~ c e m e n t  a s  a mearis of TVC. Veri- 
f i c a t i o n  of TVC performance f o r  engine displacement  systems r e q u i r e s  on ly  knov- 
ledge of t h r u s t  chamber motion. 
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Emphssis is  placed on the  f a c t  t h a t  t h e  " th roa t  hinged" choice  
is based on a 6 degree t h r u s t  v e c t o r  d e f l e c t i o n  requirement.  This  requirement  
is a t  t h e  upper l i m i t  of t h e  t rade-off  range f o r  the  " t h r o a t  hinged" configura-  
t i o n .  Should t h e  requ i red  t h r u s t  d e f l e c t i o n  angle  i n c r e a s e ,  t h e  c l u s t e r  envelope 
characteristic f o r  t h i s  c o n f i g u r a t i o n  r a p i d l y  degrades i t s  a t t r a c t i v e n e s s  as 
a  v i a b l e  candidate .  F igure  IV-73 i l l u s t r a t e s  t h e  "growth p o t e n t i a l "  cha rac te r -  
i s t i c s  f o r  the  t h r e e  engine  displacement  TVC cand ida tes  i n  terms of  mininum 
c l u s t e r  envelope requ i red  a s  a  f u n c t i o n  of t h r u s t  d e f l e c t i o n  angle .  Notice 
t h a t  above 6.5 degrees t h e  " t h r o a t  gimbaled" c o n f i g u r a t i o n  becomes t h e  m u s t  
v i a b l e  candidate .  This is largely due t o  t h e  f a c t  t h a t  t h e  weight t r a d e o f f  
between " b o a t t a i l "  weight  and engine  gimbaling hardware weight  r equ i red  tc  
I ' make t h r o a t  gimbaling" f e a s i b l e  becomes c o n t r o l l i n g .  Also t h e  necessary  
wider engfne spac ing  a l l e v i a t e s  c e r t a i n  i n h e r e n t  c o n f i g u r a t i o n  packaging prob- 
lems a s s o c i a t e d  wi th  t h e  " t h r o a t  hinged" TVC candidate .  
A curve r e p r e s e n t i n g  t h e  LITVC system is "phantomed in"  on 
Figure IV-73 t o  i l l u s t r a t e  i t s  b a s i c  c l u s t e r  envelope c h a r a c t e r i s t i c .  Not ice ,  
however, t h a t  i t  is performance l i m i t e d .  
I n  conclus ion ,  t h e  r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  rhe most 
a t t r a c t i v e ,  s t a t e -o f - the -a r t  TVC cand ida te  f o r  a p p l i c a t i o n  wi th  t h e  PFB is  a  
func t ion  of t h e  range o f  t h e  requ i red  maximum t h r u s t  d e f l e c t i o n  angle.  This  
conclusion is i l l u s t r a t e d  i n  Figure  IV-74. Note t h a t  f o r  up t o  3.5 degrees  
d e f l e c t i o n ,  the  LITVC appears  t o  be  most a t t r a c t i v e ,  from 4  t o  6 degrees  
" th roa t  hinged" is  most a t t r a c t i v e ,  and above 7 degrees  " th roa t  gimbaled" 
becomes most a t t r a c t i v e .  Overlapping a r e a s  e x i s t  i n  t h e  3.5 t o  4 ,  and 6 t o  
7 degree ranges. Content ion by t h e  "head-end gimbaled" cand ida te  becomes 
s t r o n g e s t  i n  the  6 t o  7  degree range. 
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4.  Concept Technology Requirements 
The " t h r o a t  hinged" engine  TVC concept i s  cons idered  t o  be 
s t a t e -o f - the -a r t  technology s i n c e  i t  i s  a s i m p l i f i c a t i o n  of t h e  " t h r o a t  
gimbaled" conf igura t ion .  Therefore ,  no major technology programs are 
a n t i c i p a t e d .  
Some minor technology programs may b e  requ i red  t o  develop 
s p e c i a l  engine mounting shock reducing d e v i c e s ,  i f  they should be requi red .  
However, des ign  and development of  t h e s e  dev ices  invo lves  t h e  use of  e x i s t i n g  
a n a l y t i c a l  techniques ,  and are considered  t o  b e  r e l a t i v e l y  "straightforward".  
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E. ENGINE TlIRUST MOUNT AN0 E:JVIRCNMENTAL PROTECTION 
1. Ennine Thrus t  Mount A n a l v s i s  
a .  Concept Sc reen ing  
Thrus t  mount s e l e c t i o n  h a s  n s t r o n g  i n t e r a c t i o n  w i t h  t y p e  
o f  t h r u s t  v e c t o r  c o n t r o l  s e l ? c t e d ,  as  i l l u s t r a t e d  i n  t h e  d e c i s i o n  tree shown 
i n  F i g u r e  IV-75. Criteria used f o r  s e l e c t i o n  i n c l u d e  v e h i c l e  i n t e g r a t i o n ,  
e n g i n e  we igh t ,  e n g i n e  l e n g t h ,  development complexi ty ,  c u r r e n t  s t a t e - o f - t h e - a r t ,  
r e l i a b i l i t y  , q u a l i t y  r equ i r emen t s ,  and o v e r a l l  complexi ty .  
b. Tradeof f  S t u d i e s  
Tradeof f  s t u d i e s  were conducted u s i n g  l i n e ,  v a l v e ,  and 
gimbal b lock  weight  d a t a  g e o m e t r i c a l l y  s c a l e d  from T i t a n ,  F-1, an<? M-1 com- 
ponents .  3ata and s c a l i n g  t e c h n i q u e s  developed under ALKC Space S h u t t l e  Main 
Engine C o n t r a c t  :JAS 3-26138 were u t i l i z e d .  Candida te  e n g i n e  c o n f i g u r a t i o n s  
sllown on F igu re  IV-62were p repa red  t o  e v a l u a t e  v e h i c l e  i n t e g r a t i c n  e f f e c t s .  
Tile s e z ~ n d a r y  i n j e c t i o n  t h r u s t  v e c t o r  c o n t r o l  d a t a  p r e s e n t e d  e l s ewhere  i ~ ?  t ? ~ i s  
r e p o r t  were i n c o r p o r a t e d  i n  t h e  t r a d e o f f  s t - l d i e s .  R e s u l t s  of  t r a d e o f f s  are 
shown i n  Tab le  IV-XV. 
c. Concept S e l e c t i o n  
The c u r r e n t  b a s e l i n e  e n g i n e  is hinged ( s i n g l e  p l a n e  
gimbal)  about  c e n t e r  of g r a v i t y  w i t h  a r t i c u l a t i n g  l i n e s .  
lf inging about  t h e  C.G. minimizes  water impact l o a d s  and 
e f  f i - c i cn t  ly u t i l i z e s  the s t r u c t u r e  r e q u i r e d  f o r  n o z z l e  s t i f f e n i n g  t o  a l s o  c a r r y  
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t l ~ c  t t l rus t  load:;. 'I'lle I;el.lows requi red  f o r  the  a r t i c u l a t i n g  l i n e s  can b e  
deve lopcd more r e a d i l y  than leak-f rec s e a l s  f o r  swivel led  l i n e s .  
The C.C. hinge c o n f i g u r a t i o n  a l s o  a l lows  e f f i c i e n t  pack- 
aging of t h e  v a l v e s  and i n j e c t o r  and thus  minimizes o v e r a l l  engine length .  
'i'his f a c i l i t a t e s  eng ine lveh ic le  i n t e g r a t i o n .  
This  hinge c o n f i g u r a t i o n  can be mounted t o  eitlrer t h e  
v e h i c l e  c r o s s  beams o r  t o  c i r c u l a r  beams. The c l - c u l a r  Seam c p t i o n  is shown 
by the  phantom l i n e s  i n  Figure IV-76. 
Each of t h ?  outboard eng ines  hinge about a v e h i c l e  r a d i u s  
l i n e ,  The c e n t e r  engine  can a l s o  be hinged. The outboard h y d r a u l i c  a c t u s t o r s  
a r e  mounted on beams l o c a t e d  on v e h i c l e  r a d i i  between eacb engi2e-  'ILe c e n t e r  
engine a c t u a t o r  is mounted on t h e  i n n e r  v e h i c l e  r ing .  This c i r c u l a r  beam 
o p t i o n  i s  recommended f o r  c o n s i d ? r a t i o n  by t h e  v e h i c l e  c o n t r a c t o r s  a s  a v e h i c l e  
b t r u c t u r a l  element t o  i n c r e a s e  b o a t t a i l  r i g i d i t y .  
Other engine  c o n f i g u r a t j o n s  cons idered  are shown i n  
Figure IV-62. The secondary i n j e c d i o n  des ign  A has  tllinimum l e n g t h  and a l s o  
f a c i l i t a t e s  e n g i n e l v e h i c l e  i n t e g r a t i o n .  However, s e r i o u s  s ta te-of- the-ar t  
and development problems a r e  involved e s p e c i a l l y  a t  e f e c r i v e  gimbal ang les  
above 4 degrees  ( l i m i t e d  growth p ~ t e n t i a l )  .
2. Environmental P r o t e c t i o n  
Environment a1 p r o t e c t i o n  requirements  a r e  h e a v i l y  dependent 
on eng ine /veh ic le  i n t e g r a t i o n  techniques ,  f l i g h t  pa th  c h a r a c t e r i s t i c s ,  and 
recovery techniques.  These a s p e c t s  have n o t  y e t  been f u l l y  explored  w i l r : ~  t h e  
i n d i v i d u a l  v e h i c l e  c o n t r a c t o r s .  
The b a s e l i n e  COG.  hinged engine  w i l l  ~ r o b a b l y  r e q u i r e  thermal 
p r o t e c t i o n  f o r  t h e  h y d r a u l i c  gimbal a c t u a t o r  system b e c a s e  o f  t h e  proximity 
t o  the  LOX tank cnd l i n e s .  The h inge  bea r ing  w i l l  be  seal^^ i n  o i l  t o  
exclude sea water i n t r u s i o n .  
Page I'J-91 
. . IV, Engine a . ;ampanent Analyses ,ont .) 
F. INSTRWITATION ANli CONTXOL 
The ins t rumenta t ion  and c o n t r o l  components are r e s p o n s i b l e  f o r  1 
providing c o r r e c t  engine opera t ion ,  f l i g h t  s a f e t y ,  and on-board clleckout, 
Instrumentation c o n s i s t s  of s e n s c r s  and a s s o c i a t e d  coo l ing  t h a t  enab les  key 
parameters  such a s  chamber p ressure  t o  be monitored by an e l e c t r o l l i c s  parkage 
( c o n t r o l l e r ) .  This  c o n t r o l l e r  :so programs t !~e necessary  l o g i c  f o r  opera t ion  
~f the  engine and provides  t h e  c~r imunica t ion  l i n k  wi th  t h e  veh ic le .  
Tiid complextty a f  t h e  c o n t r c l l e r  is p r o p o r t i o n a l  t o  t h e  an. unt 
of ins t ruments t ion  rcqu i red  t o  perform t h e  above opers t ions .  Tile number and 
type of Ins t rumenta t ion  is e s t a b l k h e d  by b a s i c a l l y  cons ide r ing  two rcqbire- 
cents; f l i g h t  s a f e t y  and mixture r a t i o  c o n t r ~ l .  
r i i g h c  sc parameters  are es tab l i s t l ed  as a r e s u l t  of f a i l u r e  
nude a n a i ~ s e s  Miich i d e n t i f y  s i ~ g l e  point f a i l u r e s .  These s i n g l e  p o i n t  f a i l u r e s  
mast be. e i t i i e r  e i imina ted  t!lroug.t des ign  changes o r  must be monitored such t h a t  
ecgirz  s i i u t d o ~ ,  c..:  be obtarned b e f ~ i e  damage t o  a neighboring er,gine occurs .  
The ins t runer . ta t ion  f o r  f l i g h t  s a f e t y  w i l l  be minimal s i n c e  t h e  r ssure-fed 
engin-  is a r e l a t i v e l y  s imple engine as compared t o  previous  pumpfed engine 
sysrems. 
Typical i n s  t r u m n t a t i o n  requirements  tt>r a pressure-f  ed  engine  a r e  
a s  follows: 
P ressure  
?f,j - Fuel I n j e c t o r  PfTCA 
Poj - Jxid .  I n j e c t o r  PoTCA 
PC - Chamber Pressure  Y f TCV 
PET - Fuel Tank PoTCV 
POT .- Cxid. 'rank 
- Fuel i n l e t  
- Oxid. I n l e t  
- Fuel V d v c  Tn le t  
- Cxid. Valve I n l e t  
Page IV-92 
PV, F ,  Instrumentation and Control (cont . )  
Temperature 
Tf FN - Fuel F'M 
TfTCV - Fuel Valve 
T f j  - Fuel Injector 
Switch and Valve Traces 
ToFM - Oxid. Fb1 
ToTCV - Oxid. Valve 
To j - Oxid. Injector  
LTCFV/LTCOV - Valve Travel 
TCVS - Valve Switches 
TCPS - Chamber Pressure Switches 
Page IV-93 
TABLE IV-I 
EVAi'iATiON OF THRUST CHAMBER SCREENING CRITERIA 





Min. Mc. of C~map.~B~eontrols 
Min. Dev. Risk 
LOW Weig~l t
High Performance 








Service Free Life 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE I V - I 1 1  
INTERACTION OF THRUST CHAMBER WITH OTHER ENGINE COMPONENTS 
COMPATIBLE REASONS COMPONENT RESULT 
Sys tems and Cont ro l s  Two f ue 1 valves 
Two oxid izer  valves  
Smaller valves  and 
lower manifold volumes 
and weights 
Other methods requi re  
new technology o r  are 
heavier  and more complex, 
Reduces chamber s t r u c t u r a l  
and thermal loads. 
TVC Head end gimbaling 
Tank Pressur iza t ion  No engine rnounted hea t  Not des i red  by e i t h e r  
exch. l g e r  component design group 
Combustion S t a b i l i t y  Baf f les  only Other concepts d i f f i c u l t  
t o  cool and/or have 
l imi ted  e f f ec t iveness  
i n  l a r g e  combus to rs .  
Page IV-99 
TABLE IV-IV 
REGENERATIVE FILM COOLANT FLOW SCHEMhS - ADVANTAGES AND DISADVANTAGES 
COOLANT 
FLOW SCHEME ADV WTAGES DISADVANTAGES 
Single Pass S l ight ly  lower regenerative Largest nozzle e x i t  
coolant pressure l o s s  diameter 
po ten t i a l  
Heaviest coolant i n l e t  
manifold 
a Longest i n l e t  l i n e  
a Largest gimballing moment 
Large tube taper ,  
bifurcat ion,  o r  tapered 
tube w a l l s  required 
Pass and a Half No bifurcat ions,  excessive tube Di f f i cu l t  hot gas seal-  
taper,  o r  tapered w a l l s  needed ing problem at  coolant 
i n l e t  jo in t  
Small nozzle e x i t  diemeter 
Small coolant. ' i n l e t  manif old 
weight 
Small gimbal moment 
-- - - - - - 
Two Pass Small nozzle e x i t  diameter Large tube taper ,  
bifurcat ion,  or  tapered 
Small gimbal moment tube walls required. 
a Shortest  i n l e t  l i n e  length 
and volume 
Small coolant i n l e t  mani- 
fold weight 
TABLE IV -V  
THRUST CHAMBER CONCEPT AND GEOMETRY SELECTION SUMMARY 
SELECTED CONCEPT MAJOR ALTERNATE MAJJR ADVANTAGES OF 
CONSIDERATION OR GEOMETRY SELECTED CONCEPT -- REMARKS 
COOLING CONCEPT FULL REGEN DUCTED F I L M  YIELDS BEST SYSTEM AI, = 7.7 SEC 
PERFORMANCE AGLOW = 568,000 L B  
(BOEING VEYICLE) * 
PRIMARY COOLANT RP-1 C3"8 .BETTER COOLANT C3H8 MAY YIELD IIIGHEST '-. OLESSAP PERFORMANCE 
.LESS R I S K  R P - l S E L E C T E D O N F L I G t ! T  
EXPERIENCE 
FUEL SUPPLEMENTAL YIELDS BEST SYSTEM AGLOW = 29,000 L B  FOR EACH i] 
COOLING (RP-1) PERFORMANCE % COOLANT FLOW SUPPLEMENTAL NONE COOL I NG 
- 
T.C. FUEL VALVING 2 INLETS SINGLE OR .MINIMUM SYSTEM COMPLEXITY SINGLE VALVE I S  VERY LARGE 
2 VALVES THREE OR MORE .VALVE S I Z E  EXPERIENCE R A K E  + H iGH SEAL I l iS  LOADS 




HEAD END MANY - SEE TVC DOES ;:!IT IMPACT T.C. L ITVC,  GITVC OR NOZZLE 
GIMBALING DISCUSSION DESIGN, EXCEPT SUPPORTS G ISPLACEMENT TECHNIQUES 
INJECTOR CENTRALLY FOR TYC COMPLICATE COOLING 
YECHNIQUE AND BASIC T.C. 
DESIGN 
- t 
TANK PRESSURANT VEHICLE MOUNTED ENGINE MOUNTED HAS NO ADVERSE EFFECT 011 DURING PHASE A, ALRC WAS 1 
HEAT EXCHANGER T.C. DESIGN ADVISED THAT TAr,lK PRESS. 
H/E WOULD BE VEHICLE 
MOUNTED - 1 
\ 
COMBUSTION S T A B I L I T Y  BAFFLES T.C. MOUNTED ACOUSTIC .READILY COOLED @ S T A B I L I T Y  DEVICES I I IS IALLED . ! 
DEVICES (INJECTOR LINERS .DEMONSTRATED EFFECTIVENESS IN T.C. POSE DIFFICULT 
SUFPORTED ) *NO . .C. MOUNTED DEVICES ATTACHMENT AND COOLING 
PROBLEMS 1 
.SELECTED L 1  OF T.C. READILY : \ 
ACCOMMODAl ES RAFFLE HEIGHT 
NOZZLE GEOMETRY 
CONTOUR R A0  
3 
M I N  DIVERGENCE LOSS POINT OF SELECTION BASED ' I  
UPON VEHICLE TRADEOFF 
STUDIES 1 
CONICAL 
4 TO 8 EXPANSION RAT!O 6 OPTIMIZED EXPANSION RATIO OPTIMIZED CONSIDERING 
FACTORS OF SL FLOW SEPARI-  ' 
TION, TOTAL IMPULSE, 
VEHICLE GROSS LIFTOFF ' 




SHAPE CYLINDRICAL CONICAL MINIMUM RAYLEIGH L I N E -  
INDUCED COMBUSTOR TOTAL 
PRESSURE LOSS + M I N  
INJECTOR WEIGHT 
50 IN. 30 IN. TO 100' IN. OMIN WEIGHT ~ N G I N E  AND} VEHICLE OPTIMIZATION MAY 
O M I N  LENGTH VEHICLE INCREASE LENGTH 
M I N  CHAMBER 
PRESSURE DROP 
OPTIMIZED GLOW 
Page  I V - 1 0 1  
I.. . 
. .  . . . 
TABLE IV-V (cont.) 
SELECTED CONCEPT MAJOR ALTERNATE MAJOR ADVANTAGES OF 
CONSIDERATION OR GEOMETRY (;ONCEPTS SELECTED CONCEPT 
FABRICABILITY 
PASSAGE CONSTRUCTION TUBE BUNDLE MACHINED SLOT DEMONSTRATED 
LOW COST 
YILLED SLOT USED FOR HIGH 
HEAT FLUX APPLICATlONS 
\ 
TUBE ASSEMBLY WELDING BRAZING LOW COST LOW AMPERAGE, AUTOMATIC 




HOOP STRENGTH WIRE WRAP 
AXIAL STRENSTH EXTERNAL THROAT 
CI LINOER 





TUBE I D  DECOKING FLUSH WITH SOLVENT USE DESIGN REQUIRING NO *MINIMUM REGEN. AP 
< EVERY 2 0  CLEANING FOR 1 0 0  FLIGHTS *ADEQUATE LCF L I F E  FLIGHTS 
SOLVENT SELECTION 
SEA WATER CLEANING FLUSH AND @RY AFTER USE DOWNSTREAM FUEL TCV @LOW ENGINE WEIGHT, COST, 
EACH FLIGHT AND COMPLEXITY 
NO "EED FOR PREVALVES FRilM 
EtlGINE STANDPOINT 
*NEED TO DECOKE TUBES 
FLUID FLOW 
TUBE BUNDLE FLOW SINGLE B I  FURATEY VARIABLE WALL THICKNESS *LIGHTWEIGHT 
SCHEME TWO PASS *PASS AND ONE HALF *NO GAS SEALING PROBLEM 
*SINGLE PASS *SMALL EXIT D IA  AND 
,LOW GIMBAL MOMENT 
COOLANT MUST BE TURNED 180' 













































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































INJECTOR INTERFACE OPTIMIZATIONS W " F  OTHER ENGINE COMPONENTS 
Engine 
Component Result Com~atible  Reasons 
Systems and Two f u e l  valves Smaller valves and lower manifold 
Controls Two oxidizer valves volumes and weights. 
Combust ion Baff les  only Other concepts d i f f i c u l t  t o  cool and/or 
S t a b i l i t y  have l i n ~ i t  sd effect iveness  in  l a rge  
combustors. 
Head end gimbaling Other methods requi re  new technology 
o r  are hea r i e r  and complex. Bet te r  
in jec to r  support, 
Tank No engine mounted Not desired by e i t h e r  component design 
Pressurizat ion heat exchanger group . 
Igni t ion  Baff les  OK Hypergol s lug  system is geometrically 
f l ex ib le ,  low cos t ,  f l i g h t  proven, e t c .  
Page 1V-109 
TABLE I V - I X  

















OXIDIZER OR a SUPCRIOR COOLANT DENONSTRATED ON F-1 AND 
OXIDIZEWFUEL a M A X I M  INJECTOR FACE TITAN I ENGINES 
REGENERATI VE FATIGUE L I F E  







T.C. MOUNTED l READILY COOLED 
ACOUSTIC LINERS DEMONSTRATED EFFECTIVENESS 
a NO COMPLICATION OF T.C. DESIGN 
RAFFLE 
CIML I NG 




T I P  BURNOFF 
FUEL DUMP SMALL PERFOPWCE LOSS LO REGENERATIVE INJECTOR 
COOL I NG CO~LING DEMONSTRATED ON 
F-1 AND TITAN I ENGINES 
INJECTOR READILY PROVIDES FOR 
GIMBAL BLOCK, GIMBAL SUPPORT 
STRUCTURE AND TYRUST T4KE OUT 
STRUCTURE. ( INCORPORATED 
INTO OXIDIZEk DOME) 
TVC HEAD END 
GIMBALLING 
MANY - SEE TVC 
DISCUSSION 




I N  FUEL 
MAN I FOLD 
a PYROTECHNIC 
l ELECTRIC SPARK 
TORCH 
l S I W L I C I T Y  WITH RAFFLED 
INJECTOR 
a HIGH RELIABILITY 
a MOST EXPERIENCE 





a TWO VALVES 
SINGLE OR 
THREE (OR MORE) 
MINIMUM COMPLEXITY 
a SMALL SYFNETRICAL MANIFOLD 
a VALVE SIZE EXPERIENCE RANGE 
SINGLE VALVE I S  VERY LARGE AND 
REQUIRES HIGH SEALING LOADS 





MINIMI# MANIFOLD VOLUME 
l MULTIPLE FUNCTION DEVICE 










a FACE TYPE HOT GAS/FUEL 
SEALS CAY EE USED 
a CAN USE FUEL JCVs BETWEEN 
THRUST CHAMBER AND IUECTOR 
l HIGHEST PRESSURE DROP 
0 GIAMETRAL SEALING CONSIDERED 
DIFFICULT 
FABhICABILITY 
OFACE SHAPE FLAT DOMED l LOW COST 
a COMPATIBILITY UITH 
CYLINDRICAL CHAM6lR 
SINGLE UNIT MODULAR MINIMUM NWSER OF PARTS 
AND JOINTS 
a MINIMIZES MANIFOLDING 
COMPLEXITY 
a LOW ASSEMBLED UNIT COST 
l ASSEYRLY 
TECYYIOUE 
WELDED BRAZED F?INIEIZES TOLERANCE 
CONTROL PROBLEMS; ALLOUS 






l ALLOWS THIN FACE AND 
SUFFICIENT ORIFIC~~ENGTH 
l HIGH PRODUCTION/LW COST 
ELEVENT FABRICATION 









+ ELEMENT TYPE FLEXIGILITY 
a BAFFLE PATTERN F L E X I B I L l  TY 








a MINIMUM COMPLEXITY 
a MINIMUM DEVELOPMENT 
RISK 
QUESTIONABLE RELIABILITY 






NO CLEANING AUTOMAT I CALLY CLEANED 
WHEN DECOKING THRUST 
CHAMBER TUBE I .D. 's 









L I K E  ON L I K E  IMPINGING 
ELEMENTS PREDWINATE 
LOX/RP-1 EXPERIENCE 
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Figure VI-1. Thrust Chamber 
(Sheet 1 of 2) 
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Figure VI-1. Thrust Chamber Details 
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L/Rt - Normalized Nozzle Length 
RAO NOZZLE SURFACE AREA CHARACTERISTIC 
Figure 1V-5 
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Figure IV-24. In j ..*:tor 
(Shect 1 of 2) 

FOLDOUT FRAME ,z 
Figure IV-24. Injector Element Pattern and Igniter Feed 
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Figure IV-55 (Sheet 2 of 3) 
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V. ENGINE SYSTEM ANALYSIS 
A. ENGINE SENSITIVITY ANALYSES 
Engine parameter s e n s i t i v i t y  analyses  were made f o r  s e l ec t ed  study 
"bzselines" using ALRC computer program PFESS (Pressure  - - Fed - Engine, - Steady 
S t a t e ) .  This model descr ibes  steady state performance f o r  pressure-fed engines 
- 
as a funct ion of propel lant  supply pressures  and temperatures, each of which 
is ind iv idua l ly  incremented t o  provide four  operat ing po in t s  on e i t h e r  s i d e  of 
t he  nominal design po in t  condit ion.  FurLher, on the  bas i s  of these  n ine  
operat ing condi t ions ,  t h e  program eva lua tes  s i g n i f i c a n t  performance parameters 
t o  determine l i n e a r  "influence" c o e f f i c i e n t s  which def ine  t he  var ious  perfor-  
mance parameters as funct ions  of t h e  i n l e t  condi t ion va r i ab l e s ,  These 
c o e f f i c i e n t s  are, i n  f a c t ,  t he  de r iva t ives  of t h e  performance parameters with 
respect  t o  t h e  i n l e t  condi t ions ,  and were determined a t  each of the ca l cu l a t ed  
operat ing po in t s .  Tables V-I and V-I1 summarize the  nominal design po in t  
inf luence c o e f f i c i e n t s  f o r  regeneratively-cooled and duct cooled engines, 
r e s p e c t i v d y .  Each t a b l e  contains  d a t a  f o r  engines uqing LOX/RP-1, LOX/NBP 
propane and two combinations of U)X/subcooled propane prope l lan ts .  Detai led 
performance l i s t i n g s  f o r  these  study cases are contained i n  Appendix D. 
Addit ional  s e c s i t i v i t y  d a t a  can be provided t o  NASA and prim2 
cont rac tors  f o r  a l t e r n a t i v e  engine designs and prope l lan t  i n l e t  condi t ions  
on shor t  n o t i c e  because Program PFESS is inheren t ly  f l e x i b l e  and has been 
designed t o  opera te  wi th  minimum computer time and cos t s .  This has been 
e f f ec t ed  thrwl 11 t he  use of s eve ra l  empir ical  funct ions  which s impl i fy  and 
def ine  compl parametric r e l a t i onsh ips  wi thin  t he  expected ranges of 
i n t e r e s t .  
1, Program PFESS Functions 
Empirical program funct ions  and t h e i r  l i m i t s  a r e  b r i e f l y  
discussed below. 
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V,  A, Engine S e n s i t i v i t y  Analyses (cont.)  
a. Function SPIMPT 
Theore t ica l  vacuum s p e c i f i c  impulse is defined by chamber 
pressure ,  mixture r a t i o ,  nozzle a r ea  r a t i o  and prope l lan t  combination. The 
empir ical  funct ion f i t s  da ta  obtained from the  ODE performance model over the  
following ranges: P = 200 t o  350 ps ia ;  MR - 2.6 t o  3.0 f o r  LOX/propane and 
C 
MR = 2.2 t o  2.8 f o r  LOi/RP-1; $/AT = 4 t o  8. The funct ion a i s o  provides 
ex t rapola t ions  beyond these  l i m i t s ,  but  ca re  must be used because v a l i d i t y  
and/or accuracy has not  been ascer ta ined  beyond the  described l i m i t s .  
Tabulated values provided by t h i s  function are contained i n  Tables V-111 and 
V-IV f o r  LOX/RP-1 and ~OX/propane, respect ively .  
b. Function CSTART 
Theore t ica l  C* ( c h a r a c t e r i s t i c  exhaust ve loc i ty )  is 
defined by chamber pressure ,  mixture r a t i o  and propel lant  combination. This 
fiitlction, l i k e  t h a t  described above, f i t s  d a t a  obtained from the  ODE perfor-  
mance model over the  same ranges of PC and MR f o r  each propel lant  combination. 
Extrapolat ions  are a l s o  ava i l ab l e  f o r  t h e o r e t i c a l  C*, with the  same condi t ions  
a s  discussed above. Tabulated values  obtained from t h i s  function a r e  contained 
i n  Tables V-V and V-VI .  
Oxygen s p e c i f i c  g rav i ty  is defined by pressure  and 
temperature. This funct ion,  used during t h e  Ti tan I engine development 
program, was f i t t e d  f o r  d a t a  over t he  following ranges: P = 100 t o  700 ps i a ;  
T = 160°R t o  200°R. Extrapolated values  can be provided but should be used 




, ,  . 
... . . . . 
. J .  " . - r - b . .  . :  ...-., ?.,.. :... . . r .  . .  ' . . 
V ,  A ,  i n g i n e  S e n s i t i v i t y  Analyses (cont.)  
d .  FunctionSGF 
Fuel s p e c i f i c  g rav i ty  is defined by temperature and a 
propel lant  f l ag .  Fuel compress ibi l i ty  is not  a s i g n i f i c a n t  f a c t o r  and has 
been ignored. The temperature l i m i t s  f o r  TIP-1 a r e  T = 460°R t o  960°R and f o r  
Propane, T = 310°R t o  65S0Re Extrapoi-aced vaf -1es can be ob ta i red ,  but have 
not been evaluated.  The RP-1 funct ion was used f o r  T i tan  I engine development, 
and the  Propane s p e c i f i c  g rav i ty  is based upon d a t a  contained i n  "Physical 
Proper t ies  of Hydrocarbons", by R. W .  Gal lant ,  Volume 1, Figure 1-6. 
Calculated s p e c i f i c  g r a v i t i e s  us ing these  funct ions  a r e  shown i n  Table V-VIII. 
e .  Function HFUEL 
Heat energy t r ans fe r r ed  t o  f u e l  i n  the  cooling jacket  is 
defined by the  i n l e t  and o u t l e t  temperatures and t h e  prope l lan t  f l a g .  Tempera- 
t u r e  l i m i t s  f o r  t he  function are a s  follows: RP-1 - T = 460°R t o  960°R; 
Propane T = 290°R t o  65S0R. This funct ion ob ta ins  r e s u l t s  by in t eg ra t ing  a  
temperature dependent equation f o r  s p e c i f i c  heat  (Cp) over t he  spec i f i ed  
temperature i n t e r v a l .  Values of s p e c i f i c  heat  (Cp) versus  temperatu.re f o r  
each propel lant  as defined i n  t he  funct ion are l i s t e d  i n  Table V-IX. 
Extrapolat ion beyand the  spec i f i ed  temperature l i m i t s  is poss ib le ,  however 
considerable e r r o r  can e x i t ,  p a r t i c u l a r l y  jn l o w  temperature regions f o r  
propane. The RP-1 s p e c i f i c  heat  versus  temperature r e l a t i onsh ip  w a s  obtained 
during Ti tan I engine development a t  Aeroje t ,  and the  propane equations were 
f i t t e d  t o  d a t a  taken from "Physical Proper t ies  of Hydrocarbons'' by 
R.  W e  Gal lant ,  Volume 1, Figure 1-4. 
f .  Functions PCFACE and PCPLEN 
The r e l a t i onsh ip  between i n j e c t o r  face pressure  and 
c.ll.~ml>~>r p lt?nnm prcssttr~. i\rt. t-uipirical i v  expressed as funct ions  of chamber 
Page V-3  
V ,  A ,  lingine S e n s i t i v i t y  Analyses (cont . )  
con t rac t  ion r a t i o  . The r e l a t i o n s h i p  is assumed t o  be independent 
of t h e  i -0pe l l an t  combination, mixture  r a t i o  and combustion p r e s s u r e  l e v e l .  
S e c t i o 2  I I I , C ,  d i s c u s s e s  a n a l y s i s  of t h i s  r e l a t i * ) n s h i p ,  and Table V-X l ists 
c a l c u l s t e d  va lues  produced by t h e  empi r i ca l  f u n c t i o n s  used i n  PFESS. 
g. FunctionTCOUT 
The f u e l  temperature i n c r e a s e  t h a t  occbrs  i n  regener- 
a t  i v e l y  cocled chamber j a c k e t s  is cons idered  because i t  a f f e c t s  f u e l  d e n s i t y ,  
p r e s s u r e  drop and f lowra te ,  and i n  t u r n ,  engine chamber p ressure ,  mixture 
r a t i o ,  t h r u s t  and performance. A s i m p l i f i e d  h e a t  t r a n s f e r  equat ion  is used 
t o  define f u e l  o u t l e t  temperature as a  func t ion  of t h e  fo l lowing:  
(1) Nominal design p o i n t  d a t a :  i n l e t  and o u t l e t  f u e l  
temperatures;  f u e l  and t o t a l  f lowra tes ;  and a  p r o p e l l a n t  f l a g .  
(2) S e n s i t i v i t y  s tudy  des ign  p o i n t  da ta :  f u e l  i n l e t  
temperature,  and f ~ e l  and t o t a l  f lowra tes .  
The express ion  assumes t h e  fol lowing:  
( 1) Energy Conservation 
- 
T - T  
C ou t  - UA (Thr - T ) 
- 
C 
CpdTc = Function HFUEL Ga 
(b tu )  
C~ = f u e l  s p e c i f i c  heat  -lb-" R 
Tc = f u e l  tempera ture  - (OR) 
U = Overa l l  h e a t  t r a n s f e r  c o e f f i c i e n t  2 oR-sec i n  - 
Page V-4 
V ,  A ,  Engine S e n s i t i v i t y  Analyses (conr .) 
A 2 = Total heat  t r a n s f e r  sur face  a r ea  (i.n. ) 
- 
(THr - T ) = Means temperature d i f f e r e n t i a l  between C hot and cold f l u i d s  (OR) 
. 
W l b  = fue l  f lowrate  (-) 
c sec 
- 
(2) A (THr - T ) = Constant C 
b t u  
hi = f u e l  f i lm c o e f f i c i e n t  ( 1 in .  -sec-OR 
where : 
btu  hg = h,t gas  f i lm  coe f f i c i en t  ( 1 
i n .  -secoOR 
X = wal l  th ickness  - i n .  
b t u  Thermal conduct ivi ty  of chamber w a l l  ( in -sec-O 1 
btu  
(4) hidesign = constant  = 0.005 ( 1 i n .  -sec-OR 
= constant = 0.001 ( btu  (5) hgdesign 2 1 i n .  -sec-OR 
X 
I 
2 ( 6 )  i;- constant  = 80 ( in.  -sec-O R) 
w btu  
irT = Tota l  f lowrate  - l b l s e c  where : 
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V ,  A ,  Engine S e n s i t i v i t y  Analyses ( con t  .) 
With k!~owledge of des ign  p o i n t  cond i t ions ,  v a l u e s  are e s t a b l i s h e d  f o r  
- - 0 
A (THr 1 ,  'cDes and TDes ign  When ic and Tin a r e  g iven ,  t h e  func t ion  C 
subrou t ine  s o l v e s  for T by an i t e r a t i v e  t r i a l  and e r r o r  method. 
out  
h. Function RUSTY 
Hydraulic  r e s i s t a n c e  of individual .  propel  la11 t c i r c u i t  
segmects a r e  de f ined  by nominal des ign  cond i t ion  i n l e t  and o u t l e t  p r e s s u r e s ,  
f l o w r s t e  and s p e c i f i c  g r a v i t y .  
2 .  Method of Analys is  
Figure V-1 s chemat ica l ly  shows a r e g e n e r a t i v e  engine and 
i d e n t i f i e s  t h e  r e l a t i o n s h i p  of s e v e r a l  important  parameters  (measurement 
l o c a t i o n s )  cons idered  by t h e  s e n s i t i v i t y  e v a l u a t i o n  program. The fo l lowing 
a r e  p r i n c i p a l  s t e p s  taken by t h e  program t o  e s t a b l i s h  pa ramet r i c  s e n s i t i v i t i e s .  
3. Define Mathematical Design Constants  
Nomical des ign  p o i n t  d a t a  is used t o  d e s c r i b e  t h e  engine  i n  
t h e  fol lowing ways : 
a .  Design f l o w r a t e s  are solved on t h e  b a s i s  of t h e o r e t i c a l  
performance and s p e c i f i c  impulse e f f i c i e n c y .  
b.  Chamber t h r o a t  a r e a  (and a l l  misce l laneous  chamber 
dimensi0r.s) i s  solved us ing  t h e o r e t i c a l  c*, c* e f f i c i e n c y ,  ~ h a m b e r  p r e s s u r e ,  
mixture r a t i o  and t o t a l  f lowra te .  
c .  Nominal des ign  point  i n j e c t o r  f ace  p r e s s u r e  is 
determined. 
Page V-6 
V ,  A ,  Kngine S e n s i t i v i t y  Analyses ( con t  .) 
d .  d y d r a u l i c  system r e s i s t a n c e s  a r e  e s t a b l i s h e d .  
4 .  E s t a b l i s h  Steady S t a t e  Performance 
-- 
Once t h e  s tudy engine has  been a n a l y t i c a l l y  def ined a s  
d i scussed  above, off-design s t eady  s t a t e  performance is e s t a b l i s h e d  i n  t h e  
fo l lowing way f o r  each of 36 s e t s  of off-design cond i t ions .  
a .  A t r i a l  i n j e c t o r  f ace  p r e s s u r e  is s e l e c t e d ,  based upon 
t h e  nominal des ign  f a c e  p r e s s u r e  and changes i n  p r o p e l l a n t  supply p r e s s u r e s .  
b.  Oxidizer  f l o w r a t e  is c a l c u l a t e d  based upon t h e  assumed 
p r e s s u r e  schedule.  
c .  A t r i a l  f u e l  i n j e c t o r  tempera ture  is s e l e c t e d ,  based 
upon nominal des ign  p o i n t  cond i t ions .  
d. Fuel weight f l o w r a t e  is  c a l c u l a t e d  on t h e  b a s i s  of t he  
assumed p ressure  schedule and tempera tures  ( s p e c i f i c  g r a v i t i e s ) .  
e .  T o t a l  engine f l o w r a t e  (based upon s o l u t i o n s  b and d 
above) and f u e l  f lowrate ,  t o g e t h e r  wi th  nominal des ign  p o i n t  d a t a  are used 
t o  s o l v e  f u e l  i n j e c t o r  temperature.  
f .  I f  t h e  two f u e l  i n j e c t o r  t m p e r a t u r e s  (from c and e )  d o  
not  s a t i s f y  c losure  c r i t e r i a ,  t h e  temperature c a l c u l a t e d  at  S t e p  e is used, 
and S t e p s  d through e a r e  s u c c e s s i v e l y  repeated  u n t i l  c l o s u r e  occurs .  
g. Mixture r a t i o  and plenum p r e s s u r e  are determined on t h e  
b a s i s  of a ,  b and d above. 
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I .  T o t a l  weight  f l o w r a t e  is ca lcu l .a ted  u s i n g  t h e  m i x t u r e  
r a t i o ,  and chamber p r e s s u r e  from g i n  t h e  c* f u n c t i o n .  
i .  I f  t h e  two t o t a l  f l o w r a t e  v a l u e s  e s t a b l i s h e d  by S t e p s  e 
and h do n o t  s a t r s f  l o s u r e  c r i t e r i a ,  a r e v i s e d  t r i a l  ~ r j e c t o r  f a c e  p r e s s u r e  
;.s c a l c u l a t e d  on t h e  d a s i s  of p rev ious  weight  f l ~ w r a t e  d i f f e r e n t i a l s  and f a c e  
p r e s s u r e  changes.  S t e p s  b  through i a r e  s u c c e s s i v ~ l y  r e p e a t e d  u n t i l  c l o s u r e  
occu r s .  
j . A l t i t u d e  performance and m i s c e l l a n e o u s  o t h e r  d a t a  are 
c a l c u l a t e d .  
5. Solu t ior .  of I n f l u e n c e  C o e f f i c i e n t s  
A f t e r  performance v a l u e s  have been e s t a b l i s h e d  f o r  a l l  o f f -  
des ign  c a s e s ,  program PFESS e s t a b l i s h e s  inflr lc.  > c o e f f i c i e n t s  f o r  key 
parameters  by e m p i r i c a l l y  def  ini r lg  them a s  f u n c t i o n s  of t h e  independc;lt ( i n l e t )  
s tudy  v a r i a b l e s .  A s imp le  quadra t ic  e q u a t i o n  is used  f o r  e s t a b l i s h i n g  
3-point curve f i t s .  The f i r s t  a c r i v a t i v e  of  c h i s  e q ~ a t i o n  is t aken  a t  each  
s tudy  v a l u e  of t h e  independent  v a r i a b l e ,  which p r o v i d e s  t h e  in f luence  
c o e f f i c i e n t s .  The cu rve  f i t  / i n f  l uence  c o e f f i c i e n t  s o l u t i o n s  a r e  accomplished 
i n  a  FUNCTION DYDX, which n u s t  u s e  t h r e e  e1renly incremented   in depend en^ 
v a r i a b l e s )  d a t a  p o i n t s .  
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B. GROUND OPERATIONAL REQUIREMENTS 
1. - Maintenance and Ref urbis-n t 
a. Support Systems Analysis 
A support  systems ana lys i s  w a s  conducted during the con- 
ceptual  design phaze of the  Pmssure-Fed Booster Engine irt accordance w i t h  the  
log ic  diagram presented i n  Figure V-2 . A s  shown on Figure V-2 , c e r t a i n  fac- 
t o r s ,  e.&. , r e l i a b i l i t y ,  main ta inab i l i ty ,  f a c i l i t i e s ,  l i f e  cyc le ,  e t ~ .  , were 
considered i n  a r r i v i n g  a t  the  support  requirements which comprise the  o v e r a l l  
systems support e f f o r i .  Resul ts  of the  ana lys i s  are presented as Figures Y-3, 
V-4 and V-5 which dep ic t  opera t iona l  and f l i g h t  support  sites, in te r faces  and 
GSE requiresents .  
b. F a c i l i t i e s  and Opera t ims  
Engine support  f a c i l i t i e s ,  personnel and equipment w i l l  
-e maintained a t  the  engine cont rac tor  fac tory ,  the  engine test f a c i l i t y ,  the  
vehicle  assembiy f a c i l i t y  and the  launch site. Tasks and se rv i ces  to be per- 
formed a t  these  s i t e s  a r e  ind ica ted  on Figure V-3 . Organization and functions 
of the  in tegra ted  opera t iona l  and f l i g h t  support  plan are d e t a i l e d  i n  ALRC 
Report No. 9755-71-1, Pressure-Fed Booster Engine Study Design, Program and 
ROM Cost Data, prepared under Contract  NAS 8-28217 and dated 6 December 1971. 
A l l  the  required operat ions  of t he  f l i g h t  support  pro- 
gram appear t o  be e s s e n t i a l l y  rou t ine  and have been experienced i n  o the r  s i m i -  
l a r  programs except f o r  recovery of t he  veh ic le  (with engines) from the  s ea  
and subsequent decontaminzition of systems exposed t o  sa l t  water. P a r t i c u l a r  
problerrc associa ted with ii ..e operat ions  a r e  expected t o  be handling such a 
Page V-9 
V, H , c; round Opera t iona l  Requirements (con t . ) 
l a r g e  f l o a t i n g  o b j e c t  and r e t u r n i ~ i g  i t  t o  t h e  refurbishment  f a c i l i t y  wi thout  
damage, and removal of  a l l  sa l t  and water from v e h i c l e  and engine systems i n  
o r d e r  t o  prevent  co r ros ion ,  blockage of  systems due t o  d e p o s i t s  and wa te r  
contamination of systems exposed t o  cryogenics-  Handling of  t h e  v e h i c l e  i s  
a j o i n t  o p e r a t i o n s  problem wi th  t h e  v e h i c l e  c o n t r a c t o r  wherein approval  of 
procedures w i l l  be requ i red  by the  exgine  c o n t r a c t o r  t o  ensure  i n t e g r i t y  c f  
engine systems dur ing  opera t ions .  The decontamination of engines  is  an  engine 
con t r a c t o r  problem. 
To ensure  t h a t  sal t  o r  o t h e r  contaminat ion does no t  
e x i s t  i n  engine  systems a f t e r  refurbishment ,  i t  w i l l  be necessary  t o  e i t h e r  
(1) i s o l a t e  a l l  systems dur ing  t h e  recovery phase of  t h e  miss ion ,  (2)  provide 
f o r  complete engine systems decmtamina t fon  o r  (3) a combination of t h e  two. 
A t  t h i s  p o i n t  i t  appears  t h a t  t h e  l i k e l i h o o d  of complete i s o l a t i o n  w i t h  any 
des ign  concept is remote. Therefore,  s i n c e  decontax~~inat ion  of some systems 
w i l l  he  r equ i red  and s i n c e  any i s o l a t i o n  system w i l l  n e c e s s a r i l y  i n c r e a s e  
engine  complexitv,  the  goa l  a t  t h i s  t i m e  is f o r  decontamiaat ion of engine 
s y s t e m  us ing  s p e c i a l l y  designed c l e a n i n g  equipment. 
ALRC provided rocke t  engines u t i l i z i n g  LOX and RP-1 pro- 
p e l l a n t s  f o r  t h e  T i t an  I ICBM program. Decontamination of these  engines  p r i o r  
t o  #>pera t ion  c o n s i s t e d  of removing hydrocarbons from f u e l  and o x i d i z e r  s y s  terns 
downstream of  t h e  t h r u s t  chamber va lves .  The procedure f o r  both systems was 
t o  f i l l  and f l u s h  wi th  a s o l v e n t ,  e i t h e r  methylene c h l o r i d e  o r  t r i c h l o r e t h y  l e n e  , 
and dry us ing  a h o t  n i t r o g e n  purge. P o s t - t e s t ,  t h e  engines  were re tu rned  t o  
t h e  f a b r i c a t i o n  f a c i l i t y  f o r  disassembly,  Level G c l e a n i n g  and reassembly. 
Level G c l e a n i n g  c o n s i s t e d  a t  t h i s  t i m e  o f  r i n s i n g  wi th  t r i c h l o r e t h y l e n e  f o l -  
lowed by a c a u s t i c  s o l u t i o n  a d  then wa te r ;  c l e a n i n g  w i t h  an  emulsion c l e a n s e r ;  
r i n s i n g  again  us ing  wa te r  followed by vacuum dehydrat ion.  P resen t  Level G 
c lean ing  c o n s i s t s  of  e i t h e r  an  emulsion c l e a n s e r  o r  c a u s t i c  ba th  followed by  
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rinses of t r i c h l o r e t h y l e n e  and freon.  The f reon  is more s t a b l e  than t r i c l i l o r -  
et ' lylene and l eaves  l e s s  n o n v o l a t i l e  r e s idues .  ALRC a l s o  p a r t i a l l y  developed 
the X-1 engine ,  a 1 .5  m i l l i o n  I b  t h r u s t  hydrogenIL0X engine ,  and used c l e a n i n g  
methods s i m i l a r  t o  those f o r  T i t a n  I engines .  
Addit ional  ALRC exper ience  i n  decontaminat izg l i q u i d  
rocke t  engines  c o n s i s t s  mainly o f  removing hydrocarbons from (degreasing)  
systems sub jec ted  t o  l i q u i d  oxygen and removlng c o r r o s i v e  p r o p e l l a n t  r e s i d u a l s  
from engines  which u t i l i z e  s t o r a b l e  p r o p e l l a n t s .  The la t ter  may most n e a r l y  
resemble t h e  prcblem of  removing ocean salts, however decontaminat ion of 
r e p r e s e n t a t i v e  components should be  conducted t o  demonstrate  e x a c t  procedures 
and equipment. 
ALRC has  accumulated e x t e n s i v e  exper ience  i n  decontami- 
n a t i n g  T i t an  11, T i t a n  I11 and Gemini rocke t  engines  which use  t h e  s t o r a b l e  
p r o p e l l a n t s  mixed hydrazines  and n i t r o g e n  t e t r o x i d e .  Cleaning equipment has 
Seen designed s p e c i f i c a l l y  fcr decontadnating these s p s t c ~ s  asd has k e n  used 
s u c c e s s f u l l y  dur ing  the  p a s t  :en years .  The c l e a n i n g  c y c l e  is t o  d i l u t e  pro- 
p e l l a n t  r e s i d u a l s  and f l u s h  t h e  engine  wi th  water, n e u t r a l i z e  t h e  f u e l  and 
o x i d i z e r  systems i n d i v i d u a l l y  w i t h  a p p r o p r i a t e  chemicals ,  f l u s h  aga in  wi th  
wa te r  t o  remove the n e u t r a l i z e ~ s ,  remove wa te r  us ing  a l c o h o l ,  and purge wit:, 
h o t ,  dry ni t rogen  t o  remove a l c o h o l  by evapora t ion .  The a p p l i c a t i o n  of t h i s  
c l ean ing  cyc le  which most n e a r l y  resembles t h e  proposed pressure- fed  b o o s t e r  
opera t ion  was decontamination of  T i t a n  engines  and t anks  w i t h  t h e  engines  
mounted on t h e  v e h i c l e .  This  occurred  dur ing  t h e  e a r l y  T i t a n  11 Program when 
ALRC shipped propuls ion  systems t o  the  v e h i c l e  c o n t r a c t o r  f o r  mating wi th  the  
v e h i c l e .  A f t e r  i n t e g r a t i o n ,  the  complete Stage  I and Stage  I1 of  t h e  v e h i c l e  
were s t a t i c  test f i r e d  f o r  t h e  f u l l  o p e r a t i n g  d u r a t i o n ,  s e q u e n t i a l l y ,  i n  a 
side-by-side p o s i t i o n .  A f t e r  f i r i n g ,  engines  and tznks  were decontaminated, 
us ing  an ALRC designed c l e a n i n g  u n i t  , without  removing engines  from the 
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v e h i c l e .  The vehic 'es  Ls re  then t r a n s p o r t e d  t o  t h e  launch f a c i l i t y ,  e r e c t e d  
and flown. No o p e r a t i o n a l  problems occurred  a s  a  r e s u l t  of t h e  contamitlation. 
The cyc le  f o r  decontaminating tile pressure- fed  b o o s t e r  
engine  w i l l  l i k e l y  cc;*lsis t  of (1) f i l l i n g  w i t h  f r e s h  wa te r  upon recovery t o  
m a i ~ . t a i n  s a l t s  ,n s o l u t i o n  thus  reducing cor ros iveness ,  (2 )  f l u s h i n g  w i t h  
f r e s h  wa te r  u n t i l  s .lt concen t ra t ion ,  ac, determined by c o n d u c t i v i t y  measure- 
ments, is  reduced t o  an accep tab le  l e v e l ,  (3) f i l l i n g  and f l u s h i n g  wi th  
a l c o h o l  t o  dry systems,  (4)  f l u s h i n g  wi th  freon lor f i n a l  degreas ing  and 
d ry ing ,  and (5) purging wi th  ho t  n i t r o g e n  gas t o  rcmave f reon.  
Allowing t h e  engine  t o  d ry  dur ing  t h e  pe r iod  between 
splash-down and dccon taminat ion  may i n c r e a s e  t h e  decontaminat ion problem. 
The engine should remain su' merged. u n t i l  recovery and i f  removed from t h e  
s e a  should Immediately be f lushed and f i l l e d  wi th  f r e s h  wa te r  u n t i l  i n i t i a t i o n  
of t h e  c l e a n i n g  cycle .  
c. Ground Suppnrr Equipment (GSE) 
Ground suppor t  equipment a s s o c i a t e d  wi th  the  pressure-fzd 
b o o s t e r  engines  comprises handl ing ,  decontaminat ion,  maintenance and checkout 
equipment requi red  t o  render  propuls ion  systems o p e r a t i o n a l  i n  t h e i r  in tended 
environment. Items of GSE inc lude  engine  c o n t a i n e r s  which a r e  used t o  t r ans -  
p o r t  and s t o r e  engines i n  a  c l ean  and dry  cond i t ion ,  s t a n d s  t o  suppor t  engines  
and s t a n d s  t o  suppor t  major engine components dur ing  nain tenance  and checkout 
opera t ions  , handl ing  f i x t u r e s  n ~ d  sl ings f o r  use  w i t h i n  maintenance a r e a s ,  
k i t s  o f  s p e c i a l  t o o l s  and f i x t u r e s  r e q u i r e d  f o r  checkout and maintenance, 
and accessory  i tems.  'Iecontarinnation equipment w i l l  be r equ i red  t o  c l eanse  
engines  of r e s i d u a l  p r o p e l l a n t  and s a l t  f r o n  exposure t o  t h e  s e a .  Funct ional  
t e s t  equipment w i l l  he  necessa ry  t o  check va lves  and c o n t r o l  c i r c u i t s  f o r  
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o p e r a t i n g  c o n d i t i o n ,  and e l e c t r i c a l  test equipment must be a v a i l a b l e  t o  check 
engine  ins t rumenta t ion .  A pre l iminary  l ist  of major GSE items t o  suppor t  
Fressure-Fed Booster Engine f l i g h t  opera t ions  is p resen ted  a s  Figure V - 5  . 
r i g u r e  V- 5 shows GSE i t e m s  r equ i red  a t  the  var ious  o p e r a t i o n a l  s i t e s .  
ALRC has  designed and developed ground suppor t  equipment 
f o r  s e v e r a l  l i q u i d  p r o p e l l a n t  rocket  engines  i n c l u d i n g  T i t a n  I, 11, 111 and 
Aemini. This  equipment performs e s s e n t i a l l y  t h e  same func t ions  a s  w i l l  be 
requi red  of t h e  Pressure-Fed Booster  Engine GSE. I t  is expected t h a t  t h e  
design concepts  of  t h i s  GSE and, perhaps,  some of  t h e  items w i l l  be d i r e c t l y  
a p p l i c a b l e  t o  Pressure-Fed Booster  Engine requirements.  
2. GSEIEngine Tradeof f s  
The purpose o f  t h i s  a n a l y s i s  was t o  determine i f  t h e r e  was 
any s i g n i f i c a n t  c o s t  t r adeof  f  between conceptual  engine  des ign  s e l e c t i o n  and 
f l i g h t  suppor t  o p e r a t i o n s  costs.  General r e s u l t s  o f  t h i s  ~ n a l y s i s  a r e  t h a t  
suppor t  system c o s t s  a r e  n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  conceptual  engine 
systems v a r i a t i o n s  be ing considered,  and t h a t  t h e  most f r u i t f u l  suppor t  systems 
a n a l y s i s  w i l l  occur  dur ing  Phase B of  t h e  s tudy  when engine  component des ign  
d e t a i l s  evolve  and more program and v e h i c l e  informat ion  w i l l  be a v a i l a b l e  s o  
a s  t o  a l low a more d e t a i l e d  development and op t imiza t ion  of t h e  i n t e g r a t e d  
o p e r a t i o n a l  and f l i g h t  suppor t  plan.  These conclusions can be supported by 
t h e  f a c t  t h a t  e s s e n t i a l l y  t h e  same o p e r a t i o n a l  personnel  and ground suppor t  
equipment w i l l  be r equ i red  r e g a r d l e s s  o f  t h e  conceptual  engine  design s e l e c t e d .  
I t  is  recognized t h a t  suppor t  c o s t s  i n c r e a s e  wi th  engine  complexity and s i z e ;  
but  f o r  the system be ing  b a s e l i n e d  i n  t h i s  s t u d y  t h e  only  component whose 
candidate  concepts  s t r o n g l y  i n f l u e n c e  conp lex i ty  is  t h e  TCV system, and i t  is  
apparent  t h a t ,  f o r  t h i s  component, performance, engine complexity and c o s t  
t radeof  fs o v e r r i d e  maintenance arid checkout requirements .  The s i z e  problem 
can be o f f s e t  bv proper  packaging of  components. 
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During Phase B ,  every e f f o r t  w i l l  be made t o  des ign  maintain-  
a b i l i t y  i n t o  a l l  engine systems and components. Considera t ions  w i l l  be: 
(1) e a r l y  idell t i f  i c a t i o n  of GSE requirements  and con t inu ing  assessment of  
requirements wi th  improved engine d e f i n i t i o n  and r e c e i p t  of  a d d i t i o n a l  i n f o r -  
mation from v e h i c l e  c o n t r a c t o r s ,  (2)  c o s t - e f f e c t i v e  t r a d e o f f s  , w i t h i n  con- 
s t r a i n t s  of engine performance and weight ,  between a i r b o r n e  equipment and GSE 
with t h e  ch~jectivc of minimizing CSE requirements ,  a=d (3) s p e c i a l  maintain-  
a b i l i t y  f e a t u r e s  such a s  p o r t s  f o r  f i b e r o p t i c  v i s u a l  i n s p e c t i o n s ,  s t r a t e g i c  
l o c a t i o n  and minimum number of p o r t s  f o r  decontamination connect ions ,  e t c .  
The fo l lowing g u i d e l i n e s  w i l l  be observed f o r  GSE des ign:  
- GSE w i l l  be s imple  t o  o p e r a t e  and w i l l  m e e t  humen per- 
formarlce requirements  of MSFC-SPEC-267A. 
- Designs w i l l  be f a i l - s a f e  and w i l l  p rec lude  damage t o  
engines  due t o  GSE malfunct ion.  
- P r o t e c t i v e  items t h a t  could be i n a d v e r t e n t l y  l e f t  
i n s t a l l e d  o r  ent rapped i n  t h e  engine  system w i l l  be r e a d i l y  i d e n t i f i a b l e  by 
v i s u a l  o r  nondes t ruc t ive  means. 
- The l i n e  suppor t  eqc ipcen t  w i l l  be packaged t o  wi ths tand  
the type of handl ing  loads  t o  which i t  w i l l  be s u b j e c t e d  dur ing  normal r ecyc le  
of the  veh ic le .  
- Ful ly  automated o r  semi-automated equipment w i l l  be con- 
s i d e r e d  f o r  l i n e  suppor t  equipment. During op t imiza t ion  s t u d i e s  of l i n e  opera- 
t i o n s ,  each opera t ion  w i l l  be analyzed f o r  c r i t i c a l i t y  of t i m e  t o  perform, 
and automatic  equipment w l l l  be employed a s  t radeof  f s  i n d i c a t e .  
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Requirements which w i l l  be e s t ab l i shed  f o r  GSE design t o  
minimize maintenance cos t s  a r e  : 
- Tne 6;SE w i l l  can ta in  s e l f - t e s t  fen tures  wherever poss ible .  
- The design of t\e equipment w i l l  provide f o r  ready access 
t o  f s c i l  i t o  t e  inspec t ions ,  l ub r i ca t ion ,  and p a r t s  replacement. 
- Components t h a t  can be overhauled o r  repaired i n  f i e l d  
shops containing s tandard type equipment w i l l  be used wherever possible.  
- The equipment w i l l  be capable of being maintained by 
personnel of f i e l d  t e  m ica1  capab i l i t y .  
- Equipment w i l l  be designed t o  permit c a l i b r a t i o n  of 
gages, meters, power supp l i e s ,  o r  o t h e r  c r i t i c a l  components i n  the i n s t a l l e d  
conf igurat ion o r  without major disassembly of  the  end i t e m  t o  permit removal 
of the  component requi r ing  ca l ib ra t ion .  
- H a n d l i n g e q u i p m e n t w i l l b e d e s i g n e d  t o p e m i t e a s y  
i n s t a l l a t i o n  and removal. Major components of t h e  engine w i l l  provide a t tach-  
ment poin ts  t o  permit easy i n s t a l l a t i o n  of the  handling equipment. 
- The t r anspor t a t i on  and handling equipment f o r  the  engine 
w i l l  be  designed t o  be compatible wi th  f a c i l i t y  and o the r  con t r ac to r  equipment 
f o r  i n s t a l l a t i o n  and removal of  t he  engine from the  vehicle .  Close coordina- 
t i o n  of  the  vehicle-furnished i n s t a l l a t i o n ,  removal and alignment equipment 
w i l l  be maintained. 
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Also dur ing  Phase B when engine  design d e t a i l s  are known and 
GSE requirements i d e n t i f i e d ,  a resea rch  o f  e x i s t i n g  o r  p rev ious ly  developed 
equipment having similar c a p a b i l i t i e s  w i l l  be conducted. This  a n a l y s i s  w i l l  
be used t o  determine i f  s a i d  equipment can be used "as is" o r  economically 
modified t o  s a t i s f y  the  i d e n t i f i e d  t e chn i ca l  requirements  f o r  the  proposed 
propuls ion system. New equipment des ign  w i l l  be i d e n t i f i e d  f o r  only  those 
end items of equipment wherein p rev ious ly  designed equipment cannot be 
economically u t i l i z e d .  
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C. ENGINE COMBUSTION STABILITY 
a. S t a b i l i t y  Evaluat ion  
The procedure f o r  e v a l u a t i n g  engine combustion s t a b i l i t y  
involves  t h r e e  b a s i c  s t e p s :  (1) determining t h e  i n j e c t o r  response curve,  
(2 )  de terminat ion  of t h e  chamber response based o c  t h e  type  of chamber, and 
(3) de terminat ion  of t h e  a c o u s t i c  modes of  t h e  chamber i n  tile frequency range 
where t h e  i n j e c t o r  shows a h igh  response.  
The i n j e c t o r  response curve is def ined  by t h e  
r e l a t i o n s h i p  
= n  (1 - cos  n 1 )  N i n j e c t o r  o s 
f ,  is t h e  s e n s i t i v e  frequencv 
no is t h e  i n j e c t o r  response magnitude parameter 
f is t h e  frequency o f  i n t e r e s t  
The assumed va lue  f o r  no is 0.60 based upon experimental  
information.  
The va lue  of f, Cs dependgrit upon t h e  type  of i n j e c t o r  
o r i f i c e  element and t h e  o p e r a t i n g  cond l r io -  . iu, e m p i r i c a l  r e l a t i o n s h i p  f o r  
t h e  s e n s i t i v e  frequency f o r  conventions; -eq;nging i n j e c t o r  elements  is given 
by: 
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where Mc is t h e  chamber mach number a t  t h e  i n j e c t o r  f a c e  
Pr is t h e  r a t i o  of chamber p r e s s u r e  (PC) t o  t h e  
c r i t i c a l  p r e s s u r e  f o r  oxygen (Pcr i t )  
(Pr 1.0 f o r  PC > Pcrir)  
do is t h e  d iameter  of t h e  o x i d i z e r  o r i f i c e  ( i n . )  
The ALRC b a s e l i n e  conf igura t ion  has PC = 250 p s i a ,  
chamber c a n t r a c t i o n  r a t i o  = 1.8, and o x i d i z e r  o r i f i c e  s i z e  do = 0.25 i n .  
A s  a  r e s u l t ,  Mc = 0.329 and Pr = 0.341, which y i e l d s  t h e  s e n s i t i v e  frequency: 
f s  = 1690 H Z .  
The i n j e c t o r  response curve  corresponding t o  f s  = 1690 Hz 
is shown i n  Figure  V-6. 
The term Nchamber d e f i n e s  t h e  minimum response  requ i red  
t o  e s t a b l i s h  an a c o u s t i c  i n s t a b i l i t y  w i t h i n  t h e  chamber. For cy l i -ndr ica l  
chambers t h e  v a l u e s  of N range from 0.35 t o  0.75 where t h e  l a r g e s t  
chamber 
va lues  a r e  a s s o c i a t e d  wi th  l a r g e  mach numbers ( i . e . ,  Mc 2 0.3) . Since  
Pl, = 0.329 f o r  t h e  ALRC b a s e l i n e  c o n f i g u r ~ t i o n ,  a v a l u e  of Ncllamber = 0.70 
was chosen f o r  c h i s  s tudy.  
The combined i n j e c t o r  and chamber response curves  a r e  
-L - -  
3 1 1 V ~ I ~  ill Figure v-6 where t h e  upper shaded reg ion  i n d i c a t e s  t h e  frequency 
range f o r  a p o s s i b l e  h. .-. 7 frequency i n s t a b i l i t y .  
Chamber modal f r equenc ies  r e p r e s e n t  t h e  v a r i o u s  resonant  
f r equenc ies  which can e x i s t  i n  a  p a r t i c u l a r  chamber i n  t h e  t r a n s v e r s e  and 
l o n g i t u d i n a l  d i r e c t i o n s .  
For l o n g i t u d i n a l  modes, t h e  c h a r a c t e r i s t i c  l eng th  is 
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where subsc r ip t s  c and n r e f e r  t o  t5e  c y l i n d r i c a l  and converging conica l  
nozzle por t ions ,  respec t ive ly ,  
The AL,RC basel ine  conf igurat ion has 
2 
'eff = (21  + -  x 29) i n .  3 
= 40.3 in .  
The n t n  longi tud ina l  modal frequency is determined from t h e  r e l a t i onsh ip :  
where c is the  ve loc i ty  of sound, f ~ s  
For t he  t ransverse  modes, the  c h a r a c t e r i s t i c  length is 
the  chamber diameter. The t ransverse  modal frequencies a r e  determined from 
the  r e l a t  ionshin: 
..La-- 
m r r e ~ t  c is rne ve loc i ty  of sound, r is the  rad ius ,  and S is the  argument of 
vrl 
a Bessel function.  Separate Bessel  funct ions  are required f o r  determining the  
frequencies of combined r a d i a l  and t a n g e n t i a l  modes. The f requencies  f o r  com- 
bined longi tud ina l  and t ransverse  modes a r e  t h e  v e c t o r i a l  s m  of t h e  ind iv idua l  
modal frequencies.  
A l i s t i n g  of t h e  acous t i c  modal frequencies f c r  t he  ALRC 
base l ine  conf igurat ion is contained i n  Table V-XI and is based upor. the  
chamber radius  of 46 in .  and a ve loc i ty  of sound, c = 5500 f . 
PS 
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The a c o u s t i c  modes whose f r ~ q u e n c i e s  cor respond t o  ' .he 
u n s t a b l e  zope f r e q u e n c l p s  a r e  shown i n  F i g u r e  V.-6 . Of prime s i g n i f i c a n c e  
a r e  t h e  second r a d i a l  and s i x t h  t a n g e n t i a l  modes. Note t h a t  t h e  l o n g i t u d i n a l  
rnocies il:lvc been ignored  s i n c e  they  tend t o  be Ii ighly clamped by t l ~ c  n o z z l e  
! o s s c s  and t11c d i s t r i b u t i o n  of combus t i o n  a long  tile cl~ainber a x i s .  
a d d i t i o n a l  c o n s i t l e r a t i o n  t l i a t  is impor t an t  i n  tllc 
desigr,  of  b a f f l e s  and m ~ d u l a r  chambers are t h e  maximum dintensioas f o r  wli ic i~ 
t h e  f i r s t  t a n g e n t i a l  and f i r s t  r a d i a l  moies a r e  n e u t r a l l y  s i a b l e .  R e f e r r i n g  
t o  the  response  cu rve  o f  F i g u r e  V-6 , ; h i s  co r r e sponds  t o  deterrriZ-ning tile 
r ad i a l .  d imensions which y i e l d  a modal f requency  of 2400 liz v~he-rc: 
For t h e  f i r s t  t a n g e n t i a l  mode, r = 8 inches .  1T 
For t h e  f i r s t  r a d i a l  modes. -r = 16.7 inches .  1R 
b. 13aff l e  Design 
" a f f  l e s  a r e  capab le  o f  s u p p r e s s i n g  t a , ~ g e n t i a l  and 
r a - l i p1  modes by p r e v e n t i n g  t h e  con t inuous  motior. o f  g a s  p a r t i c l e s  snc! t h u s  
i n t r o d u c i n g  a  boundary c o n d i t i o n  incompa t ib l e  w i t h  t h e  ma in t a inance  of t l ~ e  
a c o u s t i c  mode. R e f e r r i n g  t o  F igu re  1 -6 , t h e  v a l u z  of  f n e a r l y  co inc i t l e s  
S 
w i t h  both t n e  second r a d i a l  and t h e  s i x t h  t a n g e n t i a l  modal f r e q u e n c i e s .  
The re fo re ,  a symmecrical  b a f f l e  des ign  can  be based p r i n l a r i l y  upon t h e  suppres -  
si(;n of t h e s e  modes. 
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(1)  S i x t h  Tangen t i a l  Mode 
The c l l a r a c t e r i s t i c  c a v i t y  dimension is tile b a f f l e  
spac i rg ,  w, wf l i s l l  is t h e  c i r c u m f e r e n t i a l  d i s t a n c e  between b a f f l e  l e g s  and 
s:loulti have a value i n  t h e  range: 
For the  XLRC b l s e l i n e  conf igura t ion:  
15.3 in ,  > w > 7.67 in.  
- - 
The i n j e c t o r  diameter  is 92 i n ,  and t h e  r e s u l t i n g  circumference w i l l  accomnrodate 
the fol lowing ranse  of  b a f f l e  blades:  
38 > no. of b l a d e s  > 1 9  
- - 
The r a t i o  of  b a f f l e  he igh t  t o  chamber d iameter  
s u f f i c i e n t  t o  double the  damping is 9.15. Since  the  i n j e c t o r  d iameter  is 
92 in . ,  the  corresponding b a f f l e  he igh t  would be 14 in .  
(2)  Second Radia l  Mode 
The c h a r a c t e r i s t i c  c a v i t y  dimension, w, i n  t h i s  
case is t h e  dimension a long tne. i n j e c t o r  r a d i u s  and should have a va lue  i n  
the range: 
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where 
For  t n e  ALKC b a s e l i n e  c o n f i g u r a t i o n .  
16.4 in .  > w > 8.2 i n .  
- - 
For the r a d i a l  modes, b a f f l e  hubs shou ld  be l o c a t e d  a t  t h e  v e l o c i t y  ~ n t i n o d e s .  
A s  a xinimum, t h e  ALRC b a s e l i n e  c o n f i g u r a t i o n  r e q u i r e s  two hubs t o  s t a b i l i z e  
t h e  second r a d i a l  mode which e x h i b i t s  two such  s n t i n o d e s  a t  r a d i i  o f  11.5 i n .  
and 34.5 in .  Assume a  hub h e i g h t  o f  14  in .  t o  a b t a i n  modal damping. 
Based upon' t h e  f o r e g o i n g  c o n s i d e r a t i o n s  and t h e  
n e c e s s i t y  of hav ing  b a f f l e d  compartments s u f f i c i e n t l y  s m a l l  t o  p reven t  f i r s t  
t a r , g e n t i a l  modes from o c c u r r i n g ,  t h e  s e l e c t e d  b a f f l e d  d e s i g n  c o n s i s , s  o f  4 llubs 
v i  ttl p r o g r e s s i v e l y  l a r g e r  numbers of  r a d i a l  b i a d e s  between them. S p e c i f i c a l l y ,  
t h e  r a d i a l  b l a d e  count  i s  5, 1 0 ,  15, and 20 b lades .  :Is a r e s u l t ,  tlle i n j e c t o r  
f a c e  is d i v i d e d  i n t o  5 1  b a f f l e d  compartments. 
C. Nodular Chamber 
To a c h i e v e  s t a b i l i t y  u s i n g  a  modular cl~nmber d e s i g n  
r e q u i r e s  t h a t  t h e  s e n s i t i v e  f requency ,  f be s u f f i c i e n t '  y lower than  tlle 
s' 
cllarnher a c o u s t i c  modes. C a l c u i a t i o n s  p r e v i o u s l y  d i s c u s s e d  a t  tile end of t h e  
S t a b i l i t y  Eva lua t ion  s e c t i o n  i n d i c a t e  t h a t  a  modular chamber shou ld  have a  
r a d i a l  dimension no g r e a t e r  t h a n  8 i n .  to  p r e v e n t  tile occu r rance  of n f i r s t  
t nngen t i n 1  mode of i n s  t n b i  li ty.  
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d. Acoust ic  ~ e s c  . ~ a t o r / L i n e r  
An a c o u s t i c  l i n e r  is b a s i c a l l y  an a r r a y  G E  i lelmoltz 
r e s o n a t o r s  designed t o  damp an observed combustion o s c i l l a t i o n .  She l i n e r  
d e p a r t s  from t h e  r e s o n a t o r  concept i n  t h a t  i t  is not  mandatory t h a t  each 
r e s o n a t o r  volume be p h y s i c a l l y  s e p a r a t e  from a l l  o t h e r  c a v i t i e s .  The usual  
p r a c t i c e  is  t o  have s e v e r a l  r e s o n a t o r  o r i f i c e s  opening on a common c a v i t y  wliose 
volume is  equ iva len t  t o  t h e  t o t a l  volume of t h e  s e v e r a l  i n d i v i d u a l  resonators .  
The l i n e r  g e n e r a l l y  inc ludes  on ly  enough c a v i t y  s e p a r a t o r s  t o  p rec lude  any 
flow of combus t i o n  gases  through t h e  l i n e r  ( i .e .  , i n  one o r i f  i c e  and ou t  
ano the r ) .  I f  flow through t h e  r e s o n a t o r  o r i f i c e s  were t o  occur ,  hot  gas 
e r o s i o n  could r e s u l t  i n  damage t o  t h e  l i ~ e r .  I n  t b z  case  of t a n g e n t i a l  modes 
of  i n s t a b i l i t y  t h e  mode could a l s o  occur  Lnside t h e  r e s o a a t o r  c a v i t y  and 
p o s s i b l y  add t o  t h e  i n s t a b i l i t y .  
Another d e p a r t u r e  from tile t h e o r e t i c a l  r e s o n a t o r  concept 
is thc use of openings a s  continuous s l o t s  i n s t e a d  o f  d i s c r e t e  o r i f i c e s .  
Although a depar tu re  from t h e  c l a s s i c  lielrnoltz r e sona to r ,  t h e  a n a l y t i c a l  yro- 
cedures remain t h e  same. 
P o s i t i o n i n g  of  a l i n e r  o r  i n d i v i d u a l  r e s o n a t o r s  must be 
d i c t a t e d  by the  p a r t i c u l a r  node of i n s t a b i l i t y  observed. To have tllc maximum 
e f f e c t i v e n e s s ,  t h e  l i n e r  sllould be pos i t ioned  so a s  t o  p r e s e n t  o r i f i c t s  a t  
the  p o i n t  of  maximum p r e s s u r e  o s c i l l a t i o n .  I n  t h e  case  of  most t r angverse  
i n s t a b i l i t i e s ,  t h e  p r e s s u r e  maximum occurs  a t  o r  n e a r  t h e  chamber w a l l  witll in 
a few inches  of t h e  i n j e c t o r  face.  I t  has  been observed t h a t  l i n e r s  wliicll 
have been pos i t ioned  i n  a  chamber w i t h  t h e  forward most row of elements  
s eve ra l  i n c h e s  dcwnstream of t h e  i n j e c t o r  llnvc l i t t l c  o r  no effect  oil tikc 
i n s t n S i l i t i e s .  
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Unfor t rmate ly ,  tile bandwidth e f f e c t i v e n e s s  of a  r e s o n a t o r  
dcs i!:n, i . e .  , t i l t :  freqrlency spec t rum ove r  wllicit any r e s o n a t o r  o r  1i11er w i l l  be 
c f f z c t i v c  i n  dartplng n p r e s s u r e  o s c i l l a t i o n ,  is l i m i t e d .  Tllis is a s e r i o u s  
Jrawbac'; when, i q s t z a d  of  one mode o f  u n s t a b l e  o p e r a t i o n ,  t h e r e  may be many 
sucIl modes as shown i n  F igu re  V-6 . A s  a r e s u l t ,  t h e  complexi ty  o f  d e s i g n i n g  
a r e s o n a t o r / l i n e r  c o n f i g u r a t i o n  c a p a b l e  of  s u p p r e s s i n g  t h e  m u i t i p l e  modes 
a s s o c t a t e d  w i t h  t h e  ALRC b a s e l i n e  des ign  make tllis an u n d e s i r a b l e  a p p r o o c i ~  t o  
s t a b i l i z a t i o n .  
3 
-. Feed Sys  t e a  Coupled (Low Frequency)  
2. Genera l  S t a b i l i t y  Model 
Feed system coupled combustion i n s t a b i l i t y  is c i ~ a r a c t e r -  
i s t i c a l l y  caused by t h e  c losed-loop dynamic i n t e r a c t i o n  of t h e  combustion 
p r o c e s s  and p r o p e l l z n t  f e e d  system a s  shown i n  F igu re  V--7 . The fcrwclrd loop  
snd  t h e  feedback loop  dynamics are a s s o c i a t e d  w i t h  t h e  combustion p r o c e s s  and 
the  f eed  sys tem dynamics, r e s p e c t i v e l y .  
The open loop  t r a n s f e r  f u n c t i o n  G ( r d )  of t h i s  systeln is 
g iven  by t h e  e q u a t i o n :  
Kf + li G(w) = ZC(0)  -- 0 
Zf ("1 2 ( G j  f 0 
% (u) = combustion p r o c e s s  impedance 
C 
Zff(w) = f u e l  f e e d  system impedance 
Zfo(u) = o x i d i z e r  f e e d  system impedance 
= f u e l  mix tu re  r a t i o  we igh t ing  f a c t o r  
K = o x i d i z e r  mix tu re  r a t i o  we igh t ing  f a c t o r  
0 
w = r a d i a n  f requency  
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The combustien impedance is given by t h e  express ion  
c* = c h a r a c t e r i s t i c  exhaus t  v e l o c i t y  
At 
= t h r o a t  a r e a  
= i n  j ection-combus t i o n  t r a n s p o r t  de lay  
t2 = chamber res idence  t i m e  
€4 = g r a v i t a t i o n a l  c o n s t a n t  
K and K a r e  cons tan t  weight ing  f a c t o r s  which account  
0 f 
f o r  mixture  r a t i o  p e r t u r b a t i o n s :  
- Atg K, - ap c = l -  r(r+l) ac* -
- - m* - 
where 
- 
r = is t h e  s t eady-s ta te  mixture  r a t i o  
- 
3c* = is the s l o p e  of t h e  c* v s  r curve  
-
System s t a b i l i t y  can be eva lua ted  a n a l y t i c a l l y  by use of 
tilt1 fore!:c,ing n i r l t i ~  model. S p c c i t i c a l l y ,  tlic ope11 loop ga in  an,l pliase can be 
comyt~tecl ;IS ;I func t ion  of frequency and p l o t t e d  i n  tllc complex p lane  3s ellown 
i n  F igx re  V-8. S t a b i l i t y  is then determined by t h e  use  of t l ,e  Nyquist 
s t a b i l i t y  c r i t e r i o n .  
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b. Gain S t a b i l i z i n g  C r i t e r i o n  
When applying t h e  Nyquist s t a b i l i t y  c r i t e r i o n ,  i t  is 
noted t h a t  i f  t h e  magnitude of t h e  open loop t r a n s f e r  func t ion ,  IG(w) 1 ,  is 
less  than u n i t y  a t  a frequency corresponding t o  a  180° phase s h i f t ,  then  t h e  
system is  s a i d  t o  be  ga in  s t a b i l i z e d .  Hence, a ga in  s t a b i l i z i n g  c r i t e r i o n  
may b e  expressed by: 
This equa t ion  can be  r e w r i t t e n  i n  terms of t h e  system parameters  where: 
This  equa t ion  is based on t h e  assumption t h a t  t h e  minimum feed  system 
impedances occur  s imul taneously  a t  t h e  same frequency. T h i s  assumption is 
q u i t e  conse rva t ive  s i n c e  t h e  d e s t a b i l i z i n g  minimum v a l u e s  o f  impedance occur  
at  t h e  a c o u s t i c  mode resonant  f r equenc ies  of each feed  system and t h e s e  
resonant  f r equenc ies  a r e  seldom co inc iden t .  
The minimum va lue  of t h e  feed  system impedances is 
governad by t h e  i n j e c t o r  r e s i s t a n c e s ,  R as d e f i n e d  by t h e  fo l lowing j' 
r e l a t i o n s  
2 L\P 
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- 
AP = s teady s t a t e  i n j e c t o r  pressure  drop j 
- 
W f  = s teady s t a t e  f u e l  weight flow 
- 
W = s teady s t a t e  ox id i ze r  weight flow 
0 
The maximum value of Z is given by 
C 
- 
P = s teady state chamber pressure  
C 
- 
W = t o t a l  weight flow 
t 
Combining equat ions  y i e l d s  t h e  following form of t h e  conservative s t a b i l i t y  
c r i t e r i o n :  
A t  t h e  s t a b i l i t y  boundary corresponding t o  n e u t r a l  
s t a b i l i t y ,  t h e  l e f t  hand s i d e  of t h e  equation represent ing t h e  conservative 
s t a b i l i t y  c r i t e r i o n  is equal  t o  un i ty .  This  equation can then be rearranged 
t o  y ie ld :  
Since c* and ac*/ar do not  vary s i g n i f i c a n t l y  f o r  t h e  range of PC values  under 
considerat ion,  t he  foregoing equation can be used t o  genera te  a normalized map 
of t he  s t a b i l i t y  boundaries f o r  feed system coupled s t a b i l i t y .  
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V ,  C ,  Engine Combustion S t a b i l i t y  ( con t  .) 
Using t h e  curves  f o r  c h a r a c t e r i s t i c  v e l o c i t y  (c*) v e r s u s  
mixture r a t i o  (3 f o r  LoXIRP-1, a set of s t a b i l i t y  boundar ies  based s o l e l y  on 
g a i n  s t a b i l i z a t i o n  were obtained and a r e  s h o w  i n  Figure  V-9 . The curves  
i n  Figure V-9 represen t  t h e  minimum p r e s s u r e  drops  f o r  a b s o l u t e  g a i n  
s t a b i l i z a t i o n  a s  a  func t ion  of mixture r a t i o  f o r  LOX and RP-1 p r o p e l l a n t s .  
These curves  can be i n t e r p r e t e d  i n  t h e  fo l lowing ways. 
(1) A t  a  g iven mixture  r a t i o  (7) and a  chosen r a t i o  o f  
f u e l  i n j e c t o r  p r e s s u r e  drop t o  chamber p r e s s u r e  (Eif/Fn), t h e  fami ly  of curves  
J .- 
d e f i n e  t h e  corresponding m a x i m u m  r a t i o  of f u e l  t o  o x i d i z e r  i n j e c t o r  p r e s s u r e  
drops which w i l l  b a r e l y  r e s u l t  in  a b s o l u t e  g a i n  s t a b i l i z a t i o n .  The shaded 
region r z p r e s e n t s  p h y s i c a l l y  u n r e a l i z a b l e  cond i t ions .  
I t  should b e  no ted  t h a t  t h e  system w i l l  become more 
- 
ga in  s t a b l e  as t h e  r a t i o ,  AP 15 jf 30' is reduced from its maximum va lue  whi le  - 
A .  / and f are h e l d  const  mt .  Th i s  is t h e  same as i n c r e a s i n g  P while  
~f c  - j o  
holding AP cons tan t .  j f 
(2) A t  a  g iven mixture  r a t i o  (;) and a chosen r a t i o  of 
f u e l  i n j e c t o r  p r e s s u r e  drop t o  o x i d i z e r  i n j e c t o r  p r e s s u r e  drop (bP I=. 1 ,  jf 3 0  
t h e  fami ly  of curves  y i a l d s  a  corresponding minimum r a t i o  of f u e l  i n j e c t o r  
p ressure  drop t o  chamber p r e s s u r e  / which w i l l  b a r e l y  r e s u l t  i n  a b s o l u t e  J f  c 
ga in  s t a b i l i z a t i o n .  
Note t h a t  t h e  system becomes more s t a b l e  as 
1 . ~ .  /P inc reased  above t h e  minimum s t a b i l i z i n g  v a l u e  whi le  A P  /AP and r 
~f c  - jf j o  - 
a r e  he ld  cons tan t .  This  is t h e  same a s  i n c r e a s i n g  a whi le  i n c r e a s i n g  AP j o  3 f '  
Use of t h e  d a t a  i n  Figure  V-9 can be i l l u s t r a t e d  
by t h e  fo l lowing example: 
Page 'V'-28 
V ,  C ,  Engine Combustion S t a b i l i t y  ( con t  .) 
The presen t  ALRC b a s e l i n e  conf igura t ion  is a 
regenera t ive  engine having 1 .2  m i l l i on  pounds of t h r u s t  and a p r e s su re  drop 
schedule a s  fol lows:  
Fuel (RP-1) Oxidizer  (LOX) 
AP va lve ,  p s i  20 20 
b,P regenera t ive  c i r c u i t ,  p s i  60 
CP i n j e c t o r ,  p s i  - 57 - 57 
- - 
Assume: AP = 1 3 7 p s i  AP = = 7 7 p s i  j f j o  
- 
cha iber  p ressure ,  PC, is 250 p s i a  
mixture  r a t i o ,  ?, is 2.6 
now 
P l o t t i n g  t h e  po in t  corresponding t o  P = 0.55 jf c 
and 7 = 2.6 on Figure  V-9 i n d i c a t e s  t h a t  t h e  maximum accep tab le  r a t i o ,  
- 
AP I , f o r  ab so lu t e  gain  s t a b i l i t y  is equa l  t o  1.15. As noted above, t h e  3 f  j o  
p resen t  ALRC design has  1 - 1.78 and is n o t  ab so lu t e ly  ga in  jf J o  -
s t a b i l i z e d .  
The abso lu t e  ga in  s t a b i l i z a t i o n  of  t h e  ALRC base- 
l i n e  conf igura t ion  wouid t hus  r e q u i r e  t h e  i nc r ea se  of 5 u n t i l  i t  h a s  a J o  
va lue  of 119 p s i .  Th i s  r ep r e sen t s  an increased p r e s su re  drop of 42 p s i .  Th i s  
does no t  mean t h a t  ALRC recommends t h i s  increased p r e s su re  drop,  Addi t ional  
a n a l y s i s  must be performed t o  determine t h e  des ign of t h e  feed  system necessary  
t o  provide adequate phase margins f o r  s t a b i l i t y .  Th i s  a n a l y s i s  would u t i l i z e  
r I I L *  Xyq11 i s t  criterion shotm i n  Figure V-8 . 
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V ,  C ,  Engine Combustion S t a b i l i t y  ( con t  .) 
I t  should be emphasized t h a t  almost a l l  pressure-  
fed engines  developed and flown have r e l i e d  upon phase s t a b i l i z a t i o n ,  where 
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c . Concept Technology Requirements 
I n  a  c o n f i g u r a t i o n  where m u l t i p l e  eng ines  feed from 
commcn l i n e s ,  t h e  i n t e r a c t  ion among t h e  v a r i o u s  engines  g r e a t l y  compl ica tes  
t h e  problem of  feed system coupled combustion s t a b i l i t y .  I n  a d d i t i o n ,  t h e r e  
is a need t o  d e f i n e  t h e  feet1 system dynamic c h a r a c t e r i s t i c s  necessa ry  t o  
minimize t h e  dynamic i n t e r a c t  ion  o r  "cross- talk" among engines .  T h i s  minimi- 
z a t  ion  of "cross- talk" is  s i g n i f i c a n t  i n  prevent ing  t h e  t r a n s i e n t  t h r o t t l e d  
opera t ion  of one engine from adverse ly  a f f e c t i n g  t h e  o p e r a t i o n  of  ano the r  
engine.  
To provide t h e  a n a l y t i c a l  b a s i s  f o r  s e l e c t i n g  des igns  
which minimize t h e  feed system coupled s t a b i l i t y  problem and t h e  t r a n s i e n t  
i n t e r a c t i o n  problem, a s tudy  is proposed which would mathematical ly model t h e  
m u l t i p l e  eng ine /p rope l l an t  feed  system. The s tudy would then  d e f i n e  t h e  
s t a b i l i t y  and i n t e r a c t i o n  problems which e x i s t  f o r  v a r i o u s  l e v e l s  of t h r u s t  
and f o r  t h r o t t l i n g  t r a n s i e n t s .  F i n a l l y ,  t h e  s tudy  would inc lude  t h e  
z n a l y t i c a l  e v a l u a t i o n  of v a r i o u s  compensation techniques  t o  determine t h e i r  
e f f e c t i v e n e s s ,  
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V ,  1:ngine Sys tem Analys is  (cont .  ) 
1. Engine Trans fe r  Functions 
rhe a n a l y s i s  of t h e  POGO s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  a 
v e h i c l e  system r e q u i r e s  a knowledge of t h e  engine system t r a n s f e r  func t ions  
which r e l a t e  i n l e t  p r e s s u r e  and flow t o  engine t h r u s t .  The e q u i v a l e n t  c i r c u i t  
r e p r e s e n t a t i o n  of t h e  pr-- ;sure f e d  engine/  f e e d l i n e  combination is shown i n  
Figure V-10 where : 
Z i s  the  o x i d i z e r  feed  system impedance " 
upstrcarn of  t h e  engine  i n l e t .  
7 is t h e  f u e l  f eed  system impedance upstream 
"ef of t h e  engine i n l e t .  
Z is t h e  o x i d i z e r  c i r c u i t  impedance between io 
engine :..*let and combusrion chamber. 
Z i f  is t h e  f u e l  c i r c u i t  impedance between engine  i n l e t  and comtus t i o n  chamber. 
Z is t h e  combustion impedance. 
C 
The engine  t r a n s f e r  f u n c t i o n s  which r e q u i r e  e v a l u a t i o n  are: 
Because t h e  o x i d i t e r  f e e d l i n e  is approximately 64 f e e t  long, i t  may e x h i b i t  
resonances s u f f i c i e n t l y  low i n  frequency t o  couple wi th  t h e  v e h i c l e  e l a s t i c  
body modes. Therefore,  only  the  engine t r a n s f e r  f u n c t i o n s  f o r  ttlc ox :Iizer 
s i d e  of t h e  engirie have been defined. 
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V ,  D, Feed System Y t a b i l i t y  (P~Go) (cont . )  
al' /SP 
c i n l e t  
For tllc s x i d i z e r  s i d e ,  t h e  i n l e t  p r e s s u r e  can be  d e s i g -  
n a t e d  a s  1' a s  shown i n  F i g u r e  V-10. Using Mil lman's  network theorem, tile io 
fo l lowing  t r a n s f e r  f unct io l i  is ob ta ined :  
Assume Z and Z c o n s i s t  of  t h e  l i n e a r i z e d  va lue  and i o i f  
i n j e c t o r  r e s i s t a n c e s .  
Z was d e f i n e d  i n  t h e  p r e v i o u s  s e c t i o n  on Feed System 
C 
Coupled Combustion S t a b i l i t y  and can be  r e p r e s e n t e d  by tile e q u a t i o n  
The t r a n s p o r t  t i m e  d e l a y ,  5' h a s  n e g l i g i b l e  e f f e c t  i n  t h e  POGO f requency  
range. Tile chamber r e s i d e n c e  t i m e  l a g ,  t2 '  a l s o  h a s  a n e g l i g i b l e  cuf ' ec t  for 
t h e  ALRC b a s e l i n e  c o n f i g u r a t i o n .  
The r e s u l t i n g  l i n e a r i z e d  t r a n s f e r  f u n c t i o n  r e l a t i n g  tlie 
p e r t u r b a t i o n s  i n  chamber p r e s s u r e  t o  p e r t u r b a t i o n s  i n  o x i d i z e r  c i r c u i t  e n g i n e  




V,  I J ,  i:c?eci System S t a b i l i t y  (P0rX)) (cont.)  
h . :,\I/ 3P i n l e t  
This  t r a n s f e r  func :ion is t h e  inpu t  admit tance f o r  t h e  
engine. Refer r ing  t o  t h e  o x i d i z 2 r  s i d e  
The r e s u l t i n g  l i n e a r i z e d  t r a n s f e r  func t ion  r e l a t i n g  t h e  
2 e r t u r b a t i o n s  i n  i n l e t  o x i d i z e r  weight flow to  p e r t u r b a t i o n s  i n  i n l e t  o x i d i z e r  
p ressure  is given by 
h e r e  p r e s s u r e  i n  p s i  and *eight flow i n  lb / sec ,  
The t r a t r s f c r  f u n c t i o n  r e l a t i n g  t h e  p e r t u r b a t i o n s  i n  
engine t h r u s t  t o  p e r t u r b a t i o n s  i n  chamber p r e s s u r e  is given by 
aT 




aP - 6100 (Vacuum) 
C 
where t h r u s t  i n  pounds and p ressure  i n  ps i .  
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V ,  I;, Feed System S t a b i l i t y  (POGO) (cont . )  
2. S t c b i l i z a t i o n  Concepts 
Although ALRC has  n o t  been asked t o  eva l r -a te  tile e f f e c t  of 
any s t a b i l i z a t i o n  dev ices ,  t h e  i n c l u s i o n  of such a device  would a l t e r  t h e  
p rev ious ly  def ined engine t r a n s f e r  funct ions .  The c o n s i d e r a t i o n  of p a s s i v e  
devices  u s u a l l y  c e n t e r s  upon t h e  schemes shown i n  FigureV-11 each of  which 
c o n s t i t u t e  a f e e d l i n e  f i x .  The f e e d l i n e  f i x  is based upon caus ing  t h e  f i r s t  
f e e d l i n e  frequency t o  occur  below a l l  t h e  s t r u c t u r a l  mode f requenc ies  and t h e  
second feed l ine  frequency t o  occur  above t h e  s t r u c t u r a l  mode of concern a s  
shown i n  FigureV-12. 
The dev ice  which would probably be favored i n  a p re l iminary  
s t a b i l i t y  s tudy  would bc t h e  uncontained o r  bleed-gas accumulator.  T h i s  
device  was used s u c c e s s f u l l y  on t h e  Sa tu rn  V LOX c i r c u i t  and has  t h e  advantage 
of providing a l a r g e  capac i t ance  wi th  a s m a l l  r equf red  volume. 
The r e l a t i o n s h i p  between capac i t ance ,  (- and accumulator 
a '  
volume i s  based on tile assumption t h a t  t h e  gas  is p e r f e c t  and undergoes an 
i so thermal  compression/expansion process.  For s m a l l  p e r t u r b a t i o n s  tile 
accunu la to r  capac i t ance  is given by: 
where 
p is weight d e n s i t y  of LOX 
- 
V i s  acciimulator volume 
a 
- 
P is s teady-s ta te  p r e s s u r e  i o  
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V, D, Feed System S t a b i l i t y  (POGO) (cant-) 
I t  should be noted t h a t  the a d d i t i a n  of a POGO s t a b i l i z i n g  
device  will d e f i n i t e l y  have an a f f e c t  upon fee& system coupled s t a b i l i t y .  
The r e s u l t i n g  s h i f t  i n  feed system resonance would probably e l im ina t e  t h e  
phase margin necessary  f o r  t h i s  coupled system t o  be s t a b l e .  
Engine i n r e r a c t i o n  o r  "cross ta lkee  will a l s o  be e f f e c t e d  by 
a POGC f i x .  I n  t h i s  case, the capac i t ance  z s soc i a t ed  w i th  an accumulator type  
device should provide some dynamic decoupling. 
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V ,  Cngins Sys tern Analys is  (cont  . ) 
The PFB engine o p e r a t i o n a l  requirements  of p r o p e l l a n t  c o m p a t i b i l i t y ,  
s t r e s s  ant1 temperature exposure, coupled wi th  t h e  requirements  of r e u s a b i l i t y  
aftc:r rcpentecr c, water  r e c o v e r y , d r c t a t e  tile c r i t e r i a  f o r  m a t e r i a l  s e l e c t i o n  
f o r  e a ~ t ~  corn?,: . .l'llesc f u n c t i o n a l  needs can be n r c t  g e n e r a l l y  w i t 1 1  s o l i l l  
s o l u t i o n  s t rengthened snd p r e c i p i t a t i o n  hardenable n i c k e l  base a l l o y s  f o r  
c r i t i c a l  s e a  wa te r  exposure. A s  a family,  t h e s e  a l l o y s  provide  good s a l t  water  
co r ros ion  and stress cor ros ion  r e s i s t a n c e ,  v i d e  p roper ty  s e l e c t i o n ,  good tough- 
n e s s  even a t  cryogenLc tempera tures ,  a s  w e l l  as p r o p e l l a n t  compat ib i l i ty .  They 
a r e  r e a d i l y  jo ined by welding and braz ing and e x h i b i t  good genera l  proclucib i l i ty .  
This  s e c t i o n  d e l i n e a t e s  t h e  c r i t e r i a  f o r  s e l e c t i o n  of  materials 
based on p r o p e l l a n t  and environmental  c o m p a t i b i l i t y ,  p r o p e r t i e s  of t h e  cand ida te  
materials a t  t h e  a n t i c i p a t e d  tempera tures  of usage, and tltc corros ion-contro l  
of s e a  water  exposed engines.  M a t e r i a l  s e l e c t i o n  f o r  major components is 
d i scussed  t o g e t h e r  wi th  j u s t i f i c a t i o n  f o r  meeting tlie p a r t i c u l a r  s t r u c t u r a l  
and environmental requirements  of each component. 
Normally t h i s  requirement could b e  r e a d i l y  m e t  f o r  LOX and 
P9-1 o r  propane by a  number of s t r u c t u r a l  a l l o y s ,  p a r t i c u l a r l y  t h e  s t a i n l e s s  steel 
However, the  repeated  exposure t o  s a l t  water  co r ros ion  upon recovery  and 
s u s c e p t i b i l i t y  t o  c a r b u r i z a t i o n  makes many a l l o y s . i n c l u d i n g  t h e  s t a i n l e s s  
s t e e l s , u n d e s i r a b l e  f o r  many components i n  a reusab le  engine system. 
a. Oxidizer  
\ J i t l ~  LC)X as t h e  o x i d i z e r ,  c o m p ; ~ t i b i l i t y  is t l ic tntei l  by 
s e l L > s t i o n  of n ~ n t e r i a l s  t o  meet the  itnpnct c r i t e r i a  des ignated  i n  MSFC-SI'I:(:-1OOU. 
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V ,  E, ' f a t e r i a l  Requirements (cont.) 
A s  :I c l a s s ,  non-metallic mater ia l s  a r e  most s e n s i t i v e  and usage is genera l ly  
r e s t r i c t e d  t o  s e a l s  and perliaps valve poppet s ea t s ,  Teflon and Kel-F meet 
requirements and provicie the needed engineering proper t ies .  
The metal l i n e s ,  valves ,  and i n j e c t o r  must a l s o  meet the  
LOX i ~ p a c t  c r i t e r i a  and provide good f r a c t u r e  toughness even a t  cryogenic 
temperatures. The n i cke l  base a l l o y s ,  represented by the  prime candidates  Pfonel 
Hastei loy C,  Inconel  625, and Inconel  718 provide a high degree of toughness 
as w e i l  as the  needed corrosion r e s i s t ance  f o r  p o t e n t i a l  ex t e rna l  exposure t o  
sa l t  water. The n i t rogen  strengthened s t a i n l e s s  steel, Armco 22-13-5 l i ke -  
wise w-ets LOX compat ib i l i ty  needs and is  a candidate material i n  the  i n j e c t o r  
LOX c i r c u i t r y ,  
b. Fuels 
The f u e l s  under considerat ion,  RP-1 and propane, present  
no unusual problems i n  materials compat ibi l i ty ,  The usual  s t r u c t u r a l  a l l o y s  
a r e  acceptable,  Softgoods, e.g. s e a l s ,  of Buna-14 and Nylon w i l l  be used 
predominantly. ALRC is experienced i n  the  use of these  materials i n  T i t an  I 
RP-1 service .  
c. Hot G a s  Phases 
With hydrocarbon f u e l s ,  e levated temperature exposure i n  
the  regenerat ive  coolant  tubes and combustion products w i l l  r e s u l t  i n  carbon- 
aceous depos i t s  on the  metal surface ,  This can degrade the  p rope r t i e s  of 
alloys suscep t ib l e  to carbur iza t ion ,  such a s  s t a i n l e s s  steels, and make them 
mucll more suscep t ib l e  t o  corrosive  a t tack .  Nickel base a l l o y s  a r e  r e s i s t a n t  
t o  ca rbur iza t ion  however, s u l f u r  must be removed from the  f u e l s  t o  prevent 
su l fada t ion ,  
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2. En-rironmental Compat ib i l i ty  
Tllis s e c t i o n  d i s c u s s e s  t h e  c o m p a t i b i l i t y  p r o b l e m  imposed by 
the  stress and t e n p e r a t u r e  regimes and atmospllere dur ing  engine  oper2 t ion  and 
s e a  water recovery. 
a. General Corrosion 
S e l e c t i o n  of m a t e r i a l s  based on t h e  s e a  wa te r  recovery 
cor ros ion  problems, d iscussed i n  subsequent s e c t i o n s ,  g e n e r a l l y  meets t !~e  needs 
of long term c o r r o s i o n  resistance requirements.  l t inimizing ga lvan ic  couples  
and us ing  m a t e r i a l s  r e s i s t a n t  t o  stress cor ros ion  cracking w i l l  p revent  long 
term o r  t i m e  s e n s i t  i v e  f a i l u r e  mechanisms. 
S t r e s s  c o r r o s i o n  c rack ing  w i l l  be a major c o n s i d e r a t i o n  
i n  m a t e r i a l  s e l e c t i o n .  The phenomenon of stress c o r r o s i o n  cracking (SCC) of 
engineer ing  m a t e r i a l s  is widely recognized as a p o t e n t i a l  hazard i n  the Aero- 
space indus t ry .  Personnel  a t  ALRC a r e  f a m i l i a r  wi th  :he pl~enomenon of stress 
cor ros ion  a s  a complex i n t e r a c t i o n  of s u s t a i n e d  t e n s i l e  stress and c o r r o s i v e  
a t t a c k  a t  t h e  s u r f a c e  of t h e  meta l  r e s u l t i n g  i n  cracking.  The hypothes is  t h a t  
SCC is an e lec t rochemica l  phenomenon wilich may r e s u l t  from c e r t a i n  nreas w i  t l l in  
the  mic ros t ruc tu re  of a m a t e r i a l  be ing r e l a t i v e l y  anodic t o  t h e  remainder of 
the  metal  is w e l l  known. tiowever, t h e  mechanism involved i n  stress cor ros ion  
cracking is n o t  w e l l  understood,  and remains one of t h e  l a r g e s t  u n s o l - ~ e d  problems 
i n  cor ros ion  research .  The reason given is t h e  complex i n t e r p l a y  of meta l ,  
i n t e r f a c e  and environment. The mechanism of stress cor ros ion  c rack ing  can 
r e s u l t  i n  t h e  premature b r i t t l e  f a i l u r e  of an o the rwise  d u c t i l e  m a t e r i a l  w i t l l -  
i n  the  range of t y p i c a l  des ign  stress and.as such . i s  a p o t e n t i a l  problem a r e a  
t o  be recognized and avoided. 
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S e l e c t e d  m a t e r i a l s  w i l l  meet tlie gu i t l e l ines  of NSFC 
1 l l J 7  S t a i n l c s s  s t e e l s  ( i n c l u d i n g  A286) and n i c k e l  base i ~ l l o y s  a r e  
gcncr;:ll y resis t n n t  t o  SC. .. 'l'lle s t a i n l e s s  steels have shown some s u i c e p t i b i l i t v  
i n  c l cvn ted  temperature s o l u t i o n  handling i n  t h e  presence oc  cl l lor ides .  
I n v e s t i g a t o r s *  have shown type.: 316 and 347 s t a i n l e s s  s t e e l s  s t r e s s e d  t o  
10,000 p s i  and exposed t o  N a C l  condensate a t  varying tempera tures  d i d  not  c rack  
below 250°F f o r  pe r iods  up t o  f i v e  days. Usage of s t a i n l e s s  steel w i l l  be 
l i m i t e d  w i t h  regara  t o  e l e v a t e d  temperature .\*:posure. Nickel  and c o b a l t  base 
a l l o y s  are g e n e r a l l y  immune t o  SCC and are : - - i m e  c :~i ldidates  f o r  p a r t s  s u b j e c t  
t o  c r i t i c a l  c o r r o s i v e  exposure. 
The s t a i n l e s s  steels a r e  q u i t e  s u s c e p t i b l e  t o  p i t t i n g  
cor ros ion  i n  s e a  water  exposure and w i l l  be  used on ly  f o r  t h i c k  s t r u c t u r a l  
members. Thorougk c l e a n i n g  a f t e r  sea wate r  recovery w i l l  be r equ i red  t o  l i m i t  
exposure t i m e  and a s s u r e  on ly  a minimal p o t e n t i a l  f o r  p i t t i n g .  
Other  modes of co r ros ion ,  such a s  c r e v i c e  cor ros ion ,  as 
w e l l  a s  q a l v a c ~ c  c c r r o s i o n  w i l l  h e  a prime c o n s i d e r a t i o n  i-n reviewing t h e  
component des igns  a s  w e l l  a s  t h e  m a t e r i a l s  employed. 
b. S a l t  Water Corrosion 
The repea ted  exposure t o  seawater ,  due t o  t h e  PFH recovery 
mode, is a unique requirement  i n  t h e  s e l e c t i o n  of m a t e r i a l s  f o r  tlie l i q u i d  
rocket  engine  design.  The g e n e r a l  co r ros ion  r a t e s  of a l l o y s  c o n v t . ~ t i o n a l l y  
used i n  des ign  a r e  very  low a s  shown i n  Tablev-XI1 . However, t h e s e  a l l o y s  
a r e  s u b j e c t  t o  p i t t i n g  and c r e v i c e  cor ros ion ,  FiguresV-13 andV-14 , and 
inc reased  s t l s c e p t i b i l i t y  t o  stress cor ros ion  cracking i n  seslvter. P i t t i n g  
* S t r e s s  Corrosion Cracking of Aus t e n i t i c  S t a i n l e s s  S t e e l s  i n  IIigh Temperdture 
Chloride Waters, W. W. Ki rk ,  F. H. Beck, and M. G. Fontana, M e t a l l u r g i c a l  
Soc ie ty  Conferences, Volume 4 ,  P h y s i c a l  Metal lurgy of S t r e s s  Corrosion 
Frac ture .  
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and c r e v i c e  cor ros ion  is  of s p e c i a l  concern on s e a l i n g  s u r f a c e s  rdlere dcgrada- 
t i o n  of f i n i s h  requirements  can cause leakage  o r  where p a r t s  a r e  high cyc le  
fati:;ue l imi ted .  S t r e s s  co r ros ion  i s  of concern i n  f a s t e n e r s  and p a r t s  w i t h  
I l igl~ r e s i d u a l  s u r f a c e  t e n s i l e  stresses r e s u l t i n g  from f a b r i c a t i o n  ancl assembly 
procedures.  
The behavior  of t h e  eng inee r ing  a l l o y  s y s  terns i n  seowa te r 
is summarized a s  fol lows:  
(1) Aluminum and Aluminum Alloys (1 - 16) 
Pure aluminum and aluminum con ta in ing  magnesium o r  
.masnesiux and s i l i c o n  demonstrated good r e s i s t a n c e  t o  co r ros ion  by s e a  water.  
Xormally, aluminum and its a l l o y s  a r e  n o t  used i n  a p p l i c a t i o n s  where c a v i t a t i o n  
damage may occur.  They a r e  s u s c e p t i b l e  t o  p i t t i n g  c o r r o s i o n  and c r e v i c e  a t t a c k  
when immersed i n  qu iescen t  sea water.  C e r t a i n  high s t r e n g t h  a l l o y s  such a s  
2014-T6 and 7075-T6 a r e  prone t o  stress cor ros ion  c rack ing  i n  a  s a l i n e  environ- 
men t . 
(1-5,11,14,16,17,18,19,20,21,2~!) 
i 
(2)  Titanium and Titanium Alloy n i 
I 
Titanium and t i t a n i u m  a l l o y s  a r e  t h e  most co r ros ion  
r e s i s t a n t  m a t e r i a l s  i n  sea water .  The cor ros ion  r a t e  is 0.03 mpy. Titanium has  
e x c e l l e n t  r e s i s t a n c e  t o  p i t t i n g ,  c r e v i c e ,  e r o s i o n  and c a v i t a t i o n  corros ion .  
(1-5,9-14,16,17,18,19,23,24) (3) Nickel  and Nickel  Bzse Alloys  
Pure n i c k e l  is n o t  r e s i s t a n t  t o  s e a  water  co r ros ion  
and is s u b j e c t  t o  p i t t i n g  a t t a c k .  Nickel  is higlllv r e s i s t a n t  t o  c a v i t a t i o n  and 
e r o s i o n  a t t a c k .  When n i c k e l  is a l loyed  wi th  s u b s t a n t i a l  amount of cl~romium and 
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molybdenum, ( lfastel loy C ,  Inconel 625, and Incoloy 825) exceptional  r e s i s t ance  
t o  a t t ack  by sea  water r e su l t s .  The Ni-Cr-140 a l l o y  is considered a s  one of 
the mcst r e s i s t a c t  t o  cav i t a t i on  damage and c rev ice  corrosion a t  the  present  
time. The Xi-420-Fe a l l oys  a r e  corroded somewl~at more than the  n i cke l ,  but a r e  
l e s s  sub jec t  t o  p i t t i n g  corrosion. The nickel-chromium a l loy  such a s  Inconel 718 
is  exce l l en t  i n  r e s i s t ance  t o  cav i t a t i on ,  erosion and general  corrosion metal 
l o s s ,  but is  sub jec t  t o  s i i g h t  c rev ice  corrosion. Inconel 713 has exce l l en t  
r e s i s t ance  t o  s t r e s s  corrosion cracking. 
(1-5,9,12,13,14,16,17,18,19,23,  (4) Nickel-Copper Alloys 24,25,26,27) 
The nickel-copper a l l o y s ,  monels and cupro n i cke l s ,  
a r e  some of the  most s t a b l ~  a l l o y s  under marine environment. The nickel-copper 
a l l o y ' s  r e s i s t ance  t o  s ea  water  corrosion increases  i n  proport ion t o  the  n icke l  
content.  However, a l l o y s  containing more than 70% n i c k e l  a r e  prone t o  p i t t i n g  
corrosion. ' Resistance t o  e r c ~ i o n  and cav i t a t i on  damage increase  wi t11  the  n i cke l  
content  and reaches a max?mum i n  the  70% nickel-copper a l loy.  Nickel--copper 
a l l o y s  a r e  not suscep t ib l e  t o  stress corrosion cracking i n  the  marine env~ronment. 
(5) Aus ten i t i c  S t a i n l e s s  S t e e l s  (1-5,9,12,13,16,13,19,21,  24,28,29,30,31,32,33) 
The a u s t e n i t i c  s t a i n l e s s  s t e e l s  as a group a r e  
suscep t ib le  t o  p i t t i n g  corrosion and c rev ice  a t t a c k  when immersed i n  sea  water. 
S t a i n l e s s  s t e e l  containing molybdenum i n  addi t ion  t o  cllromium and n i cke l  tends 
t o  minimize these  a t tacks .  Alloy 20 Cb possesses tlle bes t  r e s i s t ance  t o  p i t t i n g  
and crevice  corrosion of the  most common s t a i n l e s s  type a l loys .  I n  general ,  
the s t a i n l e s s  s t e e l s  a r e  r e s i s t a n t  t o  c a v i t a t i o n  and erosion a t t a c k ,  but they 
can be suscep t ib l e  t o  stress corrosion cracking i n  the  s ea  water environment 
~ ~ n d e r  c e r t a i n  condi t ions  of e levated temperature. 
V ,  F., Y a t e r i a l  Requirements ( con t .  ) 
( 6 )  P r e c i p i t a t i o n  Hardenable  S t a i n l o s s  S t e e l s  (1-5,9,13,16, 1.7,29,34,35,36) 
P r e c i p i t a t i o n  ha rdenab le  s t a i n l e s s  steels l i k e  tlle 
a u s t c ~ i t i c  s t a i n l e s s  s t e e l s ,  a r e  prone  t o  p i t t i n g  and c r e v i c e  c o r r o s i o n .  Thcse 
a l l o y s  have e x c e l l e n t  r e s i s t a n c e  a g a i n s t  c a v i t a t i o n  and e r o s i o n  damage. Tlie 
p r e c i p i t a t i o n  hardened a l l o y s  are s u s c e p t i b l e  t o  stress c o r r o s i o n  c r a c k i n g  under  
c e r t a i n  c o n d i t i o n s .  
(7 )  Copper and Copper Base Al loys  (1-5,9,10,13,16,17,18,19, 21,24,26,27,37) 
Copper and  copper  b a s e  a l l o y s  a r e  r e s i s t a n t  t o  s e a  
w a t e r  c o r r o s i o n .  T h e i r  c o r r o s i o n  b e h a v i o r  i s  g e n e r a l l y  un i form w i t h  l i t t l e  
tendency toward p i t t i n g  o r  crevice c o r r o s i o n .  Bronzes p o s s e s s  e x c e l l e n t  
e r o s i o n  r e s i s t a n c e ,  b u t  b r a s s e s  a r e  e a s i l y  e roded  by s e a  water, Sea water 
w i l l  n o t  cause  stress c o r r o s i o n  c r a c k i n g  i n  copper  or copper  a l l o y s .  l i o ~ e v e r ,  
s e a  wa te r  w i l l  cause  d e z i n c i f i c a t i o n  i n  b r a s s e s  c o n t a i n i n g  more than  152 z i n c  
o r  c lealuminumif icat ion i n  aluminum bronze  w i t h  less t h a n  4% niclcel ,  
(1-5,9,10,11,12,16,17,18, (8) Carbon and Low Al loy  S t e e l s  19 ,21,24, 35, 38-41) 
Carbon and low a l l o y  steels are g e n e r a l l y  cor roded  
uni formly  wi thou t  much p i t t i n g .  liowever, p i t t i n g  w i l l  o ccu r  i f  t h e s e  a l l o y s  
c o n t a i n  m i l l  s c a l e .  I n  g e n e r a l ,  a l l o y s  w i t h  m i l l  s c a l e  a r e  p i t t e d  a t  approxi -  
mately  t h r e e  times t h e  r a t e  i n  s h o r t  d u r a t i o n  and approx ima te ly  1 .5  t i m e s  t h e  
r a t e  i n  long-term exposure .  Carbon and low a l l o y  steels have low r e s i s t a n c e  
t o  c a v i t a t i o n  and e r o s i o n  damage and are s u s c e p t i b l e  t o  c r e v i c e  c o r r o s i o n .  
Carbon and a l l o y  steels w i t h  y i e l d  s t r e n g t h  of 150 k s i  o r  lower sre n o t  sus-  
c e p t i l ~ l e  t o  stress c o r r o s i o n  c rack ing .  
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c. Hot S a l t  Corrosion 
Inadequate post-recovery c lean ing  of t h e  engine  can 
r e s u l t  i n  the  exposure of t h e  hot  gas system p a r t s  t o  d r i e d  s a l t  on subsequent  
f i r i n g s .  ?Ile a u s t e n i t i c  s t a i n l e s s ,  t h e  n i c k e l  base  a l l o y s  and t h e  c o b a l t  base 
a l l o y s  normally used i n  t!re cor . s t ruc t ion  of thee? p a r t s  a r e  higllly s u s c e p t i b l e  
t o  I l o t  s a l t  corros ion .  'This co r ros ion  is manifested by crncking,  degradat ion  
o f  rer~cl~;lnicnl p r o p e r t i c s  nntl a c c e i c r a t e d  d e t e r i o r a t i o n  a t  b raze  and weldmen t /  
parent: ~ncca l  i n  t c r f a c e s .  
Degradation is  dependent upon temperature,  stress l e v e l ,  
and t i m e  of exposure. Elevated tempera tures ,  i .e . ,  those  i n  excess  o f  1000 t o  1200°F. 
f o r  n i c k e l  and c o b a l t  a l l o y s , i s  g e n e r a l l y  r equ i red  t o g e t h e r  wi th  t i m e  t o  permit J 
the  m i c r o s t r u c t u r a l  changes and d i f f u s i o n  t o  t a k e  p lace .  Secondary ca rb ide  
p r e c i p i t a t i o n  and i n t e r m e t a l l i c  compound formation a t  t h e  g r a i n  boundaries  makc 
them s u s c e p t i b l e  t o  i n t e r g r a n u l a r  a t t a c k .  S a l t  coated specimens of  Inconel  718  
and Haynes 158 exposed f o r  48 hours a t  e l e v a t e d  temperatures r e s u l t e d  i n  d r a s t i c  
(42,431 l o s s  of  d u c t i l i t y  and s t r e n g t h .  
It  i~ apparent  t h a t  a concer ted  e f f o r t  t o  remove sa l t  wa te r  
a e p o s i t s  is requ i red  t o  minimize sea water exposure e f f e c t s .  However, n i c k e l  , 
base  a l l o y s  w i l l  be more f o r g i v l n g  tot.-ard r e s i d u e  entrapment  than  o t h e r  a l l o y s ,  
e .  g. , s t a i n l e s s  steel,  i f  'he temperature r e s u l t i n g  from subsequent engine  
o p e r a t i o n  i n  those  regions  is h e l d  below LOOOOF. 
3. M a t e r i a l s  Desim Allowable P r o ~ e r t i e s  
The des ign  of aerospace  s t r u c t u r e s  and elements  r e q u i r e s  
knowledge of t h e  mechanical,  p h y s i c a l ,  and chemical. c h a r a c t e r i s t i c s  of  cand ida te  
m a t e r i a l s  of cons t ruc t ion .  These c h a r a c t e r i s t i c s  can be desc r ibed  i n  broad 
terms a s  the  performance c a p a b i l i t y  of a mate r i a l .  One a s p e c t  of  m a t e r i a l  
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performance c a p a b i l i t y  is d e s c r i b e d  by t h e  s p e c i f i c  term "des ign  a l lowable" .  
1)esign a l l o w a b l e s  a r e  o b t a i n e d  from a u t h o r i t a t i v e  r e f e r e n c e  s o u r c e s  o r  adequa t e  
d a t l  g e n e r a t i n g  t e s c i n g  programs. P r e l i m i n a r y  estimates can be 11sed i o  p r o v i d e  
g e n e r a l  comparisons  of m a t e r i a l s  a ~ l d  f o r  i n i t i a l  d e s i g n  f e a s i b i l i t y  s t u d r e s .  
T a b l e  \ - X I 1 1  p r o v i d e s  p r e l i m i n a r y ,  e s t i m a t e d  d e s i g n  a l l o w a b l e s  f o r  a g rcup  O F  
materials c o n s i d e r e d  f o r  P r e s s u r e  Fed Boos t e r  Engine component d e s i g n s .  S p e c i f i c  
p o t e n t i a l  a p p l i c a t i o n s  of t h e  c a n d i d a t e  m a t e r i a l s  a r e  d i s c u s s e d  i n  t h e  accompany- 
i n g  s e c t i o n s .  
The p r e l i m i n a r y  d e s i g n  a l l o w a b l e  e s t i m a t e s  i ~ ~ c l u d e  p l l y s i ca l  
and mechanica l  p r o p e r t i e s  a p p r o p r i a t e  t o  tile p o t e n t i a l  component a p p l i c a t i o n ,  
i n c l u d i n g  t h e  o p e r a t i o n a l  s e r v i c e  t emqera tu re  r ange ,  o f  s p e c i f i c  m a t e r i a l s .  
Dens i ry  :lnd t he rma l  c o n d u c t i v i t y  v a l u e s  a r e  t y p : c a l  and were 
s e l e c t e d  from a v a i l a b l e  s u p p l i e r s  l i t e r a t u r e  a n d / o r  MIL-IIDEK-5. Thermal con- 
d u c t i v i t y  v a l u e s  a t  c r y o g e n i c  t empera t l i r e s  were g e n e r a l l y  d e r i v e d  from e x t r a -  
~ o l a t i ~  n  of e l e v a t e d  and room t e m p e r a t u r e  v a l u e s .  
T e n s i l e  u l t i m a t e  and y i e l d  s t r e n g t h  v a l u e s  wcre d e r i v e d  from 
t h e  ALRC S t anda rd  I d a t e r i a l s  Design Data, MIL-1IDBK-5, o r  t h 3  NERVA F l a t e r i a l s  
P r o p e r t y  l l a ta  Look. T e n s i l e  e las t ic  modulus v a l u e s  a r e  t y p i c a l  and were 
o b t a i n e d  from 'IIL-IIIlI3K-5, t h e  ALRC S t a n d a r d  M a t e r i a l s  1 )e s i~  Data Repor t ,  o r  
s u p p l i e r  li- t e r a t u r e .  Modul-us v a l u e s  a t  z ryogen ic  t e m p e r a t u r e s  wcre gene ra1  ' y  
o b t a i n e d  from e x t r a p o l a t i o n  o f  v a l u e s  from l l igher  t empera tures .  
The t e n  hour  s t r e s s - t o - r u p t u r e  v a l u e s  were d e r i v e d  by apply-  
i n g  an  80% f a c t o r  t o  l i t e r a t u r e  t y p i c a l  v a l u a s .  Where d a t a  f o r  tile s p e c i f i z  
t empera tu re s  a n d / o r  r u p t u r e  t i m e  of i n t e r e s t  were n o t  a v a i l n b i  cl . n t e r p n l n t i o n  
and e x t r n p o l a  t i o n  were c s e d  t o  o b t a i n  v a l u e s  f o r  tile &:,ired ;oncli t j n . 1 ~ .  '!'llis 
g e n e r a l l y  meant t h a t  t h e  1 0 0 0 ° ~ ,  1 0  hour  c o n d i t i o n  had t o  bl* ~ l , t a i n e d  from i1 
120U0F, 100 hour  minimum c o n d i t i o n .  
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l ( a . ~ e l s  of 1 X  and '3% ant1 a r e  l a r g e l y  based on d a t a  developed f o r  Spilce S l l u t t l c  
f ~ r h i t c : r  c n ~ i n c  des igns  and obta ined from tests conducted a t  o r  near  tile tcmpt?ra- 
t1lrc.s o f  interest. >lean curves  of s t r a i n  l e v e l  ve r sus  c y c l e s  t o  f a i l u r e  were 
;innlyze(l and conservnt ivc  tl~inimurn curves  were e s t a b l i s h e d  us ing  eng inee r ing  
judgement, From these  minimum curves,  v a l u e s  of c y c l e s  t o  f a i l  a t  12 and 3% 
t o t a l  s t r a i n  l e v e l s  werc se lec ted .  I n  some cases i t  w a s  necessary  t o  cxtrapo- 
l a t e  from a c t u a l  test temperatures t o  t h e  temperatures of i n t e r e s t .  Where d a t a  
were not  a v a i l a b l e  f o r  an a l l o y ,  d a t a  f o r  an  a l l o y  of similar composition and 
m i c r o s t r u c t u r a l  cond i t ion  were used. For example, llastello;. C is assumed to 
behave s i m i l a r  t o  Incons l  625 and Incone l  706 is assumed t o  behave similar t o  
Inconel  718, A l i m i t e d  amount of  Lata  was a v a i l a b l e  i n  s u p p l i e r ' s  l i t d r a t u r e  
and was used where applicablte. Where no  d a t a  is a v a i l a b l e  va lues  have no t  
been c s t i n a t e d .  
High cyc le  f a t i g u e  is n o t  i-ncluded as it is no t  cons idered  
a l i m i t i n g  s t r u c t u r a l  c r i t e r i a  f o r  t h ~  P r e s s u r e  Fed Booster  as it does n o t  
u t i l i z e  pumps. 
The a i l o y s  and mic ros t ruccura l  c o n d i t i o n s  s e l e c t e d  as candi- 
d a t e s  f o r  engine component des igns  are g e n e r a l l y  c h a r a c t e r i z e d  by lrigll f r a c t u r e  
toughness under engine f i r i n g  condi t ions .  Engine recovery c o n d i t i o n s ,  a l though 
e n t a i i i n g  severe  environmental exposure condi t ions ,  are c l larac ter f  zed by 
s i g n i f i c a n t l y  reduced loads  and s h o r t  exposure t i m e s .  Therefore,  i t  is n o t  
expected t h a t  environment a s s o c i a t e d  s t r u c t u r a l  f a i l u r e  modes w i l l  be s i g n i f i -  
c a t  and t h a t  t h e  l e v a 1  of p r o p e r t i e s  desc r ibed  ?or  t h e  a l l o y s  i n  Table V-XLII 
v i l l  be r e a l i z e d  i n  t h e  components. 
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4. Corrosion and Contamination Contro l  -
This s e c t i o n  sets fort l r  genera l i zed  c l e a n i n g  and contamination 
c o n t r o l  methods and p r a c t i c e s  cons idered  most s u i t a b l e  f o r  t h e  Pressure-Fed 
Booster engines  wi th  s p e c i a l  a t t e n t i o n  given t o  p o s t  recovery p r a c t i c e s .  
Xqueous media a r e  r equ i red  f o r  removal of inorgan ic  sells and s e a  water  resi- 
dues such a s  c h l o r i d e  s a l t s  whi le  halogenated s o l v e n t s  a r e  g e n e r a l l y  p r e f e r r e d  
f o r  removal of trydrocarbon contamination. Flus!:i:~g o r  i i i t i l t i p l ~  fill d r a i n  
proce iu res  a r e  p r e f e r r e d  f o r  c l e a n i n g  i n t e r n a l  s u r f a c e s  of assembl ies ,  w i i i l e  
f lusi i ing,  e i t h e r  by l i q u i d  sp ray  o r  vapor degreas ing ,  is p r e f e r r e d  f o r  e x t e r n a l  
surf2ce; o r  for components where good condensat ion and d ra inage  from a l l  s u r f a c e s  
can be assured.  C l t r a s o n i c  c l e a n i n g  o r  brushing is r e q ~ i r e d  i? some i n s t a n c e s  
t o  renove t enac ious  d e p o s i t s .  
Drying is mandatory fo l lowing any cleaninn, o p e r z t i o n  where 
r e s i d u a l  c l ean ing  media could be re ta ined .  P r i o r  t o  drying,  a f i n a l  r i n s e  
cleanini; must be made wi th  a  s o l v e n t  having a low,  10  ppm maximum, n o n v o l a t i l e  
content  which w i l l  a l s o  d i s s o l v e  thc p rev ious ly  used c l e a n i n g  media. S p e c i f i c  
p r e f e r r e d  media and opera t ion  sequences a r e  d iscussed.  
a.  P a r t  and Component Cleaning 
The p r e f e r r e d  p rocesses  f o r  c l ean ing  p a r t s  and ct)mponents 
during f a b r i c a t i o n  a re  presented i n  Table V-IUV. In  i n s t a n c e s  where non-- 
m e t a l l i c  m a t e r i a l s  w i l l  be sub jec ted  t o  any of t h e s e  processes  o t l ~ c r  tha? 
d e t e r g e n t  c leaning,  s p e c i f i c  p recau t ions  nuat  be taken t o  precl- ide aoy 
d e l e t e r i o u s  s o l v e n t  e f f e c t .  I n  a d d i t i o n ,  i f  c l ean ing  media can he  entrapped, 
s p e c i a l  p recau t ions  muat be s t a t e d  i n  t h e  des ign  t o  prec lude  t h e  kepua i t ion  
of r e s i d u e s  dur ing  d ry ing  opera t ions .  Success ive  c J e a ~ ~ i n g  o p e r a t i o n s  slioi~lr l  
always be c a r r i e d  out a f t e r  a l lowing t!ie preceding media to  d r a i n  o f f  l ~ u t  
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prerli.rded by subscguent process  sceps ,  a  f i n a l  r i n s e  of  d i s t i l l e d  o r  de ionized 
water  should be employed p r i o r  t o  drying. 
Where p o s s i b l e ,  d ry ing  should be i n  accordance wi th  
AGC 46691) which uses  forced f i l t e r e d  a i r  a t  a temperature of 3 5 0 ' ~ .  When t h i s  
is not  p o s s i b l e ,  because c.f temperature s e n s i t i v e  m a t e r i a l s ,  vacuum dellydrat ion 
i n  accordance w i t h  AGC 46008 should b e  used. 
IJ1,ere p a r t s  are suspected  t o  be contaminated w i t h  i no rgan ic  
s a l t s  ( s e a  water  r e s i d u e s )  o r  o t h e r  p o l a r  compounds, c h l o r i n a t e d  s o l v e n t s  a r e  not  
e f f e c t i v e  i n  most c a s e s  and may cause cor ros ion ,  e s p e c i a l l y  i n  vapor degreasing.  
I n  such cases ,  deionized wa te r  f l u s h i n g  followed by a l k a l i n e  o r  d e t e r g e n t  
c l ean ing  should be  accompl*a.-a 3 p r i o r  t o  c l e a n i n g  wi th  c h l o r i n a t e d  so lven t s .  
One re1  a t i v e l y  new s o l v e n t ,  ' -'reon'' T-WD 602 an oi l- in-water  emulsion system, 
may ?rove very e f f e c t i v e  wlrere a mixture  of  p o l a r  and non-polar s o i l s  e x i s t .  
The genera l  procedure recoinmended by t h e  manufacturer*, E. I. duPont deNemours 
and Ca. Inc. ,  c o n s i s t s  of rough c l e a n i n g  i n  an u l t r a s o n i c  b a t h  of  "Freon" TF 
(trichlorotrifluoroetilane) followed by u l t r a s o n i c  c l e a n i n g  i n  a  b a t h  of "Freon" 
T-IJD 602, then rr oval  of r e s i d u a l  s u r f a c t a n t  i n  an u l t r a s o n i c  bat11 of "Freon" 
TF and a f i n a l  rinse i n  MSFC-SPEC-237 s o l v e n t  ( p u r i f i e d  trichlorotrifluoroethane) 
vapor. T h i s  procedure shauld  provide  very  good c l e a n i n g  but  i t  needs evalua-  
t ion .  This e v a l u a t i o n  should inc lude  any a f f e c t  on t h e  f r a c t u r e  toughness of 
t i t an ium a l l o y s  i f  used i n  t h e  s t r u c t u r e .  The T-WD 602; an emulsion c o n s i s t i n s  
of about 91.5X "Freon" TF, 6% water and 2.5% s u r f a c t a n t ;  r e t a i n s  most o f  t h e  
b e n e f i c i a l  f e a t u r e s  of "Freon" TF such as low s u r f a c e  t e n s i o n  (19.5 dynes/cm), 
t i le  190U ?pa nontoxic ~ f ~ r e s h o l d  l i m i t  value, and i t  is n e i t h e r  flammable nor  
explosive.  An ammoniated v e r ~ i o n  is a l s o  a v a i l a b l e  which is  somewhat more 
e f f e c t i v e  bu t  a l s o  much more t o x i c  ammonia vapors ,  t o x i c  above 50 gpm, 
are yiven o f f  from t h i s  s o l u t i o n .  
--- 
d: 'I ' t're~tl'  Sol vcn t I. 'orn~t~lii i ic~n Ilat;i, ' Ftc.>n ' 'Ig-WI) 0 0 2  Solvent", "l:rcoli" 
I' ri~t!uL- t s  IJivis  ' ~ I I I ,  I:. l . dt~l't?*lt ~ l e N ~ ? ~ ~ i o u r s  ; t ~ ~ c l  (:(B. , 111~. , IJII I l ~ b t  i 11 No. 
I:sT-.~I: . 
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h. ~ s s e m b l y  and Erg ine  C lean ing  
The p rocedures  and media f o r  tile p r o c e s s e s  g i v e n  i n  
Table  V-xv are n o t  p r a c t i c a l  f o r  a s s e m b l i e s  where many m a t e r i a l s ,  j o i n t s ,  and 
pocke t s  a r e  normal ly  encountered .  The l a r g e  s i z e  a n t i c i p a t e d  f o r  major 
a s sembl i e s  and t h e  e n g i n e s  also makes i t  d i f f i c u l t  t o  u se  u l t r a s o n i c  b a t h s ,  
vapor  d e g r e a s e r s  and even  d i p  tanks.  F i l l -and-dra in  o r  f l u s h  c l e a n i n g  of 
i n t e r i o r  siirfaccs is t! lerefore  recomended .  E x t e r i o r  s u r f a c e s  vill have ts 
be c l eaned  by s p r a y  and s c r u b b i n g  methods. 
The u s e  of  o n l y  one c l e a n i n g  n~edium would be p r e f e r r e d  
from a l o g i s t i c  and s a f e t y  viewpoint .  The o n l y  s o l v e n t  which might  f i t  t h i s  
i d e a l  would be of t h e  T-IJD 602 t y p e  and t h i s  s o l v e n t  shou ld  b e  e v a l u a t e d .  
Even assuming T-IJD 602 o r  scme similar s o l v e n t  would prove t o  be an  e f f e c t i v e  
c l e a n i n g  mediu: f o r  a l l  normai s o i l s ,  a problem would s t i l l  e x i s t .  Uellydration 
of t h i s  t ype  solvent r e q u i r e s  t h e  e v a p o r a t i o n  o f  water and t h e  s u r f a c t a n t  may 
n o t  be removable by a c c e p t a b l e  d r y i n g  t e c h n i q u e s  which most f r e q u e n t l y  a r e  
l i m i t e d  t o  pu rg ing  wit11 g a s e s  a t  r e l a t i v e l y  low t empera tu re s  f o r  l a r g e  assem- 
b l i e s .  Ti ; is  r e s t r i c t i o n  would r e q u i r e  t h e  u se  o f  a n  a d d i t i o n a l  s o l v e n t  f o r  
r i s i n g  p r i o r  t o  dehydra t ion .  The r i n s e  s o l v e n t s  most s u i t a b l e  from a s a f e t y  
and h a n d l i n g  s t a n d p o i n t  would b e  f i l t e r e d  trichlorotrifluoroethane (CC17FCF2C1) 
- 
i n  accordance  w i t h  FBFC-SPEC-237. 
c. Recovery Cleaning  
(1) I n t e r n a l  Sys t e m  C lean ing  
Sea w a t e r  and i t s  r e s i d u e s  are t h e  most p rohab le  
con t ,~rni!~:~r? ts i n  the s y s  tern i n t e r i o r .  ityti roca rbons  i n  t h e  oxygen 1 . i  rcni  t may, 
I I ~ > I J C ~ \ T ~ Y ,  tw tilt FIOS t  Il;lz;irtlot!s c11ntarnin;lnt , becnu +c. tllcy will explode  under 
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many condi t ions .  P a r t i c l e s ,  inc lud ing  s a l t  d e p o s i t s ,  p o s ~  problems on a11 
intclrior s1:rfaces. Water and hydrocarbons, which f r e e z e  a t  LO. tempera tures ,  2 
can a l s o  be  considereci a s  p a r t i c u l a t e  contaminat ion aild can cause moving p a r t s  
t o  s t i c k  when tliey f reeze .  Sea water  r e s i d u e s ,  such as sodium cIllori.de, wliich 
would be in t roduced dur ing  recovery o-jerat ions pose a  s p e c i a l  prol>lem because 
they can cause  s e r i o u s  cor ros ion  wit11 many s t r u c t u r a l  a l l o y s .  
W i t 1 1  t h e s e  types  of contaminants a n t i c i p a t e d ,  a 
mul t ip le- f lush  and f i l l  and d r a i n  system appears  most a p p r o p r i a t e  f o r  t h e  
oxygen and hydro carbon f u e l  system i n t e r i o r s .  The p r e f e r r e d  system, wlricli 
should be v e r i f i e d  f o r  e f f e c t i v i t y  and a f f e c t  on materials w i t h i n  t h e  system, 
is: 
(a )  Flush wjtli  de ionized water  u n t i l  t h e  c o n d u c t i v i t y  
of the e x i t  wa te r  c l o s e l y  approaches t h c  i n l e t  value. Th i s  o p e r a t i o n  purges out  
s e a  water  and d i s s o l v e s  inorgan ic  salts. 
(b) F i l l  t h e  o x i d i z e r  and f u e l  c i r c u i t s  w i t h  d e i m i z e d  
water  and hold f o r  extended pe r iods  (24-45 h r ,  see Figure  V-15 t o  a l low s a l t s  t o  
d i f f u s e  ou t  of c r e v i c e s  and pockets .  Drain and monitor water  conduc t iv i ty .  
Flush wi th  de ion ized  water and r e p e a t  o p e r a t i o n  u n t i l  water c o n d u c t i v i t y  remains 
v i r t u a l l y  unchanged. 
( c )  Flush w i t h  a f i l t e r e d  s o l u t i o n  of  i s o p r o p y l  
a l c o h o l  and trichlorotrifluoroe~hane (Freon T-P 35) t o  remove water  and most 
rl2sidual organics .  
(d) F lush  w i t h  f i l t e r e d  trichl~rotrifluoroerl~ane i n  
accordance t a j  t h  MSFC-SPEC0237 t o  remove r e s i d u a l  c l e a n i n g  eaedia and f i n a l  t r a c e s  
o f  contaminat ion,  
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The Freon T-P 35 shou ld  be  ana lyzed  f o r  non v o l a t i l e s .  
The f i n a i  r i n s e  s o l v e n t  shou ld  be  ana lyzed  f o r  p a r t i c l e s  and hydrocarbons.  
'These a n a l y s e s  ~ ~ o u l d  de t e rmine  t h e  need f o r  a d d i t i o n a l  f i n a l  r i n s e s .  Fol lowing 
t h e  f i n a l  r i n s e  t h e  sys tem shou ld  b e  purged w i t h  d r y  n i t r o g e n ,  p r e f e r a b l y  b o i l e d  
o f f  from l i q u i d  n i t r o g e n ,  u n t i l  no ev idence  of ha logens  can be d e t e c t e d  i n  t h e  
purge o u t l e t  gas w i t h  n h a l i d e  l e a k  d e t e c t o r  ( e s t i m a t e d  t o  r e q u i r c  about  1 day 
a t  75°F).  
T r i ch lo ro t r i f l uo roe thane  and i s o p r o p y l  a l c o h o l  are 
compat ib le  w i t h  a l i  of t h e  m a t e r i a l s  which are s u i t a b l e  f o r  u se  i n  LOX and most 
of  thclse s u i t a b l e  f o r  use  i n  hydrocarbon f u e l s ;  however t h e y  w i l l  induce  s h r i n k a g e  
o r  temporary swell i n  most e l a s t o m e r s  commonly used i n  RP-1, h y d r a u l i c  and pneu- 
ma t i c  systems. Should t h e  e f f e c t s  on elastomers p rcve  e * c e s s i v e  t h e  f i n a l  two 
steps of t h e  c l e a n i n g  sequence shou ld  b e  changed t o  i s o p r o p y l  a l c o h o l  i n  accord-  
ance x i t h  TT-1-735 Grade X o r  B ,  and a f i n a l  r i n s e  w i t h  f i l t e r e d  i s o p r o p y l  
a l c o h o l  i n  accordar  e w i t h  TT-1-735 Grade A. T h i s  c l e a n i n g  sys t em would r e q u i r e  
measuring dew p o i n t ,  r a t h e r  than  ha logens ,  o f  t h e  o u t l e t  purge  gas .  A dew p o i n t  
af 4 5 ° F  o r  l o v e r  silould be adequa te  f o r  h y d r a u l i c  sys tems  and most pneumatic  
. - 
sys tems;  however . . t h e s e  sys tems  must o p e r a t e  a t  some lower  t empera tu re ,  tlie 
ma:cirnum a l l o w a b l e  de,w p o i n t  sl lould b e  set  5OF below tile minimum o p e r a t i n g  tempera- 
t u r e .  
i n e  f l u o r o c a r b o n  s o l v e n t s  s e l e c t e d  above are among 
tne l e a s t  t o x i c  of t h o s e  c o n s i d e r e d  i n  Table  V-XV . I n  a d d i t i o n ,  t hey  are n o t  
a s  prone  t o  h y d r o l y s i s  and l i b e r a t i o n  of  h a l i d e s  as t h e  c h l o r i n a t e d  s o l v e n t s  
l i s t e d  i n  'Table V-XV , n o r  are t h e y  flammable;  and tlle f i n a l  r i n s e  s o l v e n t ,  
IISFC-SPEC-2 37, is compat ib le  w i t h  l i q u i d  oxygen w h i l e  some i n v e s t i g a t o r s  have 
found t h e  c h l o r i n a t e d  s o l v e n t s  to  be e x p l o s i v e  under  s p e c i f i c  c o n d i t i o n s .  
Fur thern  re, trichlorotrifluoroethane has  a h i s t o r y  o f  s u c c e s s f u l  use  i n  
d e r n n t a m i n a t i ~ n  of  tl-,   pol lo SP e n g i n e  o x i d i z e r  c i r c u i t .  
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I sopropyl  a l c o h o l  i s  s e l e c t e d  f o r  decontaminat ion 
of  hydrau l i c  and pneumatic systems c o n t a i n i n g  e las tomers  because of i t s  s l i g h t  
e f f e c t  on e las tomer ic  s e a l  m a t e r i a l s ,  co r ros ion  f n h i b i t i o n  c h a r a c t e r i s t i c ,  
s l i g i ~ t  t o x i c i t y  t o  humans ( i t  is the  p r i n c i p a l  l i lg red ien t  i n  rubbing a l c o h o l ) ,  
m i s c i 5 i l i t y  with water ,  and e a s e  of drying. The a l c o h o l s  have a long l i i s to ry  
of  u s e  a s  decontamination media. Methyl and e t h y l  alco1:ols a x  a l s o  good 
s o l v e ~ t s  but  they have been found t o  cause some cor ros ion  problems, e s p e c i a l l y  
i n  conjunct ion  wi th  halocarbon solvents .*  Deonized water is s e l e c t e d  f o r  
the  i n i t i a l  c l ean ing  t o  achieve  maximum removal of s a l t s  and contaminat ion 
wit hi:^ t h e  systems. Deionized water is s e l e c t e d  hecause normal f a c i l i t y  water  
c o n t a i n s  excess ive  d i s so lved  matter which n o t  on ly  d e t r a i t s  from its s o l v e n t  
power but  a l s o  can d e p o s i t  corrodants .  A s  an example, normal Cape Kennedy 
water  is permi t ted  up t o  250 ppm c h l o r i d e  i o n  whi le  a c c e l e r a t e d  cor ros ion  tests 
a r e  f r e q u e n t l y  made us ing  wa te r  con ta in ing  on ly  100 ppm c h l o r i d e  ion. No 
government s p e c i f i c a t i o n s  are a v a i l a b l e  f o r  de ionized water;  hotiever, con- 
d u c t i v i t y  has commonly been used t o  c o n t r o l  q u a l i t y  of  commercial de ionized 
6 
water .  A maximum s p e c i f i c  conductance of  1.0 !rmho/cm ( 1  x 1 0  ohms/cm minimum 
s p e c i f i c  r e s i s t a n c e )  should be  i n d i c a t i v e  of adequate p u r i t y  provided t h e  
water  is f i l t e r e d  a f t e r  being defonized.  P r o p e r t i e s  of a11 of t h e  s e l e c t e d  
s o l v e n t s  a r e  presented  i n  Table V-XVI. 
(2) Sur face  Cleaning 
Cleaning of  e x t e r i o r  engine  and .lot gas exposed 
t h r u s t  chamber s u r f a c e s  has  been found necessary  i n  t h e  p a s t  t o  remove hydrau l i c  
f l u i d  s p i l l s ,  < * ' t  bui ldup,  and carbon depos i t s .  S a l t  d e p o s i t s  and carbon 
d e p o s i t s  on s u r f r c e s  should be removed by pressu-  r? spray  washing wi th  f a c i l i t y  
water ,  augmented by brushing t o  remove t enac ious  d e p o s i t s ,  followed by r i n s i n g  
with de innized water. S u r f a c t a n t s  may be added t o  t h e  i n i t i a l  wash water  t o  
*DeForest,  W. S., S e l e c t i v e  Corrosion of Aluminum Alloys - by C I ~ l o r i n ; ~ t c d  ---- 
Solvent  Fiixtures,  Western Regional Meeting o f  the Notional  A s s o c i : ~ ~  i on
of  Corrosion Il:ngincers, 24-26 September 19(di, San Ilicgo, (;a 1 ifonr.ii1. 
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prov ide  b e t t e r  w e t t i n g  i f  d e s i r e d  b u t  s o a p s  ant! d e t e r g e n t s  weuld a f f o r d  l i t t l e  
advantage  i n  removal of  s a l t  and carbon  d e p o s i t s  and soaps  w i l l  even form i n -  
solubl-e  scums i n  water c o n t a i n i n g  calcim salt: I n d u s t r i a l  p o l l u t a n t s  o f  
t h e  hydrocarbon type  may a l s o  form s u r f a c e  d e p o s i t s ;  shou ld  t h i s  prove t o  
occu r ,  then  d e t e r g e n t  a d d i t i v e s  would b e  b e n e f i c i a l ,  i f  n o t  mandatory. 
I i yd rau l i c  o r  o t h e r  oil con tamina t ion  011 s u r f a c e s  
may bc removable v i t i ~  d e t e r g e n t  s o l u t i o n s  depending upon t h e  s p e c i f i c  o i l .  A 
s o l v e n t  was11 of t r i c h l o r o t r i f l u o r o e t h a n e  should  also be s a t i s f a c t o r y  f o r  
removing most common o i l s  and hydrocarbon d e p o s i t s .  F i n a l  s e l e c t i o n  must be 
p r e d i c a t e d  on t h e  n a t u r e  of  c o . t a m i n a n t s  encoun te red  and e f f e c t s  o f  c l ea i l i ng  
on e x t e r i o r  eng ine  f i n i s h e s .  A t  t h i s  t T m e  t h e  f o l l o w i n g  g e n e r a l  c y c l e  is 
recommended f o r  s u r f a c e s :  
( a )  P r e s s u r e  s p r a y  r i n s e  w i t h  f a c i l i t y  water 
brush ing  v i t h  a ny lon  b r i s t l e  b rush  t o  remove t e n a c i o u s  d e p o s i t s .  
(b )  Wash w i t h  a s o l u t i o n  of f a c i l i t y  water and 
dctergsnt (":Jacconol NRSF", N a t i o n a l  A n i l i n e  D i v i s i o n ,  A l l i e d  Chemical and 
Dye Corp. o r  "Joy", P r o c t o r  6 Gamble Co.) t o  remove remain ing  v i s i b l e  s o i l s .  
A nylon l~r~lsll may be used t o  remove t e n a c i o u s  depos i - t s .  D e p 3 s i t s  n o t  removable 
1,y d e t e r g e n t  c l e a n i n g  shou ld  b e  removed by wip ing  d i t h  a  c l e a n  dry clot11 
foJ.lowed by wiping w i t h  a c l e a n  clot11 w e t  w i t h  t r i c h l o r o t r i f l u o r o e t l ~ y l e ~ ~ c  and
t h e n  d r y i n g  by wiping w i t h  a c l e a n  d ry  c l o t h .  l l e p o s i t s  n o t  removed I,y t h e s e  
t c c h i l i q ~ l e s  w i l l  r e q u i r e  an  e n g i n e e r i n g  d e c i s i o n  to  select a l t e r n a t e  c l e a n i n g  
medi a and t echn iques ) .  
( c )  Rinse a l l  e x t e r n a l  s u r f a c e s  w i t 1 1  cieionized 
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( d )  Any l o c a t i o n s  wllich t r a p  water  i n  pockets  slloultl 
be clridd o f  excess water p r i o r  t o  and a f t e r  t h e  f i n a l  r i n s e .  Drying can be 
;~cc:oclplished by wiping wi th  c lean  c i a t h s  o r  blowing o u t  w i t h  compressed a i r  o r  
n i t rogen.  Dehydration of e x t e r n a l  s u r f a c e s  is n o t  requi red .  
F a c i l i t y  water  was s e l e c t e d  f o r  t h e  i n i t i a l  wash 
and d e t e r g e n t  c l ean ing  t o  remove g r o s s  contaminat ion because of a v a i l a b i l i t y  
and cos t .  Deionized water would be s u i t a b l e ;  bu t ,  i t  does n o t  a f f o r d  a  s i g n i -  
f i c a n t  advantage. ~Jacconol  NRSF and Joy d e t e r g e n t s  were s e l e c t e d  based on 
t h e i r  p rev ious  use i n  AGC-STD 4834 f o r  d e t e r g e n t  cleaning.  The t r i c h l o r o t r i f l u o r o -  I 
e thane  s e l e c t i o n  was based on use  f o r  i n t e r n a l  engine  c l e a n i n g  p r e - ~ i o u s l y  d i s -  i 1 i 
cussed. The f i n a l  r i n s e  of de ionized water is s e l e c t e d  t o  p rec lude  d e p o s i t s  i 
from f a c i l i t y  water  and de te rgen t s .  S ince  t h e  s u r f a c e s  must be designed f o r  i. 
f requen t  exposure t o  humid c o n d i t i o n s  no need should e x i s t  f o r  dehydra t ion  of 
these  su r faces .  
(3) I n s i d e  Coolant Tube Walls 
Regenerat ive coo l ing  w i t h  hydrocarbon f u e l s  g e n e r a l l y  
l e a d s  t o  t h e  formation of v a r n i s h e s  and carbonaceous d e p o s i t s  on t h e  i n s i d e  
walls of t h e  coo lan t  passages. These d e p o s i t s  s l o v l y  degrade coo l ing  c a p a b i l i -  
t i e s  and a f t e r  many c y c l e s  of o p e r a t i o n  may r e q u i r e  removal. No s o l v e n t  
c l ean ing  method has been found t o  be  e f f e c t i v e  i n  t h e i r  removal. I n  t h i s  
s i t u a t i o n  only two approaches appear  t o  have m e r i t .  The f i r s t  invo lves  
breaking t h e  engine at '  t h e  injector-chamber f l a n g e  and p h y s i c a l l y  removing 
the d e p o s i t s  by v i r e  brushing and g a s  blow-out. The second approach invo lves  
burning out t h e  d e p o s i t s  i n  s i t u  w i t h  h o t  air  o r  oxygen-nitrogen mixtures .  
Ne i the r  approach has  been requ i red  f o r  t h e  nm-recoverable  engines  used iq t h e  
p a s t  and, thus ,  have n o t  been p roper ly  evaluate&.  The e v a l u a t i o n  of t h e  app l i -  
c a b i l i t y  of t h e s e  methods i n  removing v a r n i s h e s  and carbonaceous d e p o s i t s  from 
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V ,  F ,  Y a t e r i a l  Requirements (cont . )  
t h e  i n s i d e  of  c o o l a n t  pas sages  shou ld  b e  under taken  c o n c u r r e n t  w i t h  e n g i n e  
development s o  t h a t  an a c c e p t a b l e  s o l u t i o n  t~ t h i s  p o t e n t i a l  p ro t l em w i l l  be  
a v a i l a b l e  when and i f  needed. 
( 4 )  I g n i t e r  D e p o s i t s  
The i g n i t i o n  s o u r c e  is expec ted ,  a t  tile p r e s e n t  
3 t ime,  t o  be a 140 i n .  h y p e r g o l i c  l i q u i d  s l u g  of o r g a n o m e t a l l i c s  c o n s i s t i n g  
of - 85X w t  t r i e t h y l b o r o n  and -15% w t  t r i e t l~y la luminum.  T h i s  co r r e spoads  t o  
about  3.6 l b  o f  h y p e r g o l i c  i g n i t i n g  f l u i d .  Upon t o t a l  combustion t h i s  could  
y i e l d  a maximum of  about  0.24 l b  of A1203 and 1.09 l b  of B 0 !lost o f  t h e s e  2 3' 
s o l i d s  w i l l  be immediately  and d i r e c t l y  e x p e l l e d  from t h e  t h r u s t  chamber; 
however, a small pe rcen tage  may be  r e t a i n e d  on t h e  i n j e c t o r  f a c e ,  b a f f l e s ,  
and t h r u s t  chamber walls. I f  i t  is  assumed t h a t  10X of  t h e s e  s o l i d s  are 
r e t a i n e d ,  t h e  maximum amount o f  s o l i d s  contamina t ion  i s  about  0.13 lb .  Most 
o f  t h i s  would be  B 0 (-0.11 l b )  which is q u i t e  v o l a t i l e ,  p a r t i c u l a r l y  i n  t h e  2 3 
presence  of w a t e r  vapor ,  and is l i k e l y  t o  b e  a lmos t  t o t a l l y  v o l a t i l i z e d  , l u r ing  
t h e  combustion chamber f i r i n g  per iod .  Thus, t o t a l  chamber con tamina t ion  by 
i g n i t e r  f l u i d  r t l s idues  a f t e r  a f i r i n g  would be a maximum o f  pe rhaps  a few 
hundredt l ls  o f  a pouild and c o n s i s t  a lmos t  e n t i r e l y  o f  A 1  0 The f a c t  t h a t  2 3' 
A 1  0 could  be p r e s e n t  i n  such  a s m a l l  q u a n t i t y  and is innocuous,  l e a d s  t o  t h e  2 3 
c o ~ ~ c l u s i o n  t h a t  i g n i t e r  d e p o s i t s  do n o t  p r e s e n t  any real c l e a n i n g  o r  decontami- 
n a t i o n  problem. 
( 5 )  Contamingt i  by Marine Fou l ing  
I t  i s  almost y e r t a i n  t h a t  t h e  e n g i n e  w i l l  become 
fou led  t o  some e x t e n t  d u r i n g  t h e  r e c o v e r y  o p e r a t i o n  by marine l i f e  ( b a c t e r i a ,  
a l g i ~ e ,  d ia toms,  c i l i a t e s ,  f l a g e l l a t e )  u n l e s s  i t  is comple t e ly  c o a t e d  w i t h  a 
h igh  copper  coa t ing .  Some of t l~ese l i f e  forms are a l s o  v e r y  l i k e l y  t o  a t t a c h  
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tlremselvts t o  the engine and grow qt i i te  rapidly .  For example, barnacles may 
2 
attiic11 t o  a fresll sur face  a t  the  r a t e  of -a0.2/day-cr- anri grow t o  a 1.izc of 
-, 0.1 irlcii i n  15 days and 0.5 inch i n  30 days. 
From t h i s  i t  is concluded tha t  tire engine nust  be 
f lushed of these l i f e  forms a s  soon a s  j ~ o s ~ i b l e  and n poison ( an t i fou l ing  
agent) it~trociuced i n t o  the  engine cav i t i e s .  I n  s p i t e  of t h i . 9 ,  some res idues  
of tbe l i f e  forms can be cxpected t o  contaminate the  engine (botll ex t e rna l ly  
and i n t e r n a l l y ) .  Means of removing these  res idues  from the  i n s i d e  of complex 
flow passages h a s  not been adequately addressed. 
Various means of decontaminating an engine of l i f e  
forms and/or t h e i r  res idues  can be saggested but  the point  remains t h a t  proper 
evaluat ion of the  approaches and f i n a l l y  development of one o r  more of these t o  
a p r a c t i c a l  procedure w i l l  r equ i re  a technology e f f o r t .  The only known method 
of preventing a t t a c k e n t  of s ea  l i f e  t o  su r f aces  is by p l a t i n g  with copper. 
This, of course, is not  a p r a c t i c a l  approach. 
d. Solvent RecoveLy 
The r e l a t i v e  high c o s t ,  a t m t  $6.00 per  gal lon,  of the  
fluorocarbon s o t v e i ~ t s  proposed f o r  use xakzs recovery wortl~while. The Freon 
T-[JD 602 can be recovered by a mechanical skimming process,  which removes the  
contaminated water phase, and then reconstituted with demineraltzad water t o  
replace  t h a t  removed Sy the sl:~.nminl, operation. When the tric~~lorotrifluoroetl~ane 
ye i n  T-WD 602 becomes excess ively  contaminated i t  m y  be recovered ty 
a i s t i l l a t i o n  an3 used f o r  rough cleaning,  e x t e r i o r  sur facz  c leaning and makeup 
j.n T-WD 602 and Freon T-P 35. Freon T-P 35 can be recovered by double phas 
d i s t i l l a t i o n  and reblending. The trichlorotrifluoroetilane can a l s o  be re- 
covered by f i 1 t r a t i o . l  of p a r t i c l e s  when tile dissolved matter remains low. 
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When d i s so lved  matter becomes s i g n i f i c a n i ,  a f t e r  r epea ted  use ,  i t  may be 
reasonably w e l l  p u r i f i e d  by d i s t i l l a t i o n .  used f o r  rough c lean ing ,  car make-up 
in 'i Wr 502 o r  T-P 35 depending on t h e  l e v e l  of d i s so lved  mat~er. SpecifLc 
recovery systems and l e v e l s  of aL1owab:e contaminat ion >;lor t o  p u r i f i c a t i o n  
must be  e s t a b l i s h e d  on t h e  b a s i s  of s e r v i c e  exper ience  and c o s t  t rade-off  
stud:ies. This  is e s p e c i a l l y  t r u e  f o r  t h e  much lower p r i c e d  i sopropy l  a l coho l  
which can a l s o  be recovered by d i s t i l l a t i o n .  
5 . - .n;ine Comp-onent M a t e r i a l  S e l e c t i o n  
The b a s i s  f 3 r  m a t e r i a l  s e l e c t i o n  has bee :?neraLly o u t l i n e d  
i n  t h e  foregoing s e c t i o n s .  The n i c k e l  base  a l l o y s  and a u a t e n i t i c  s tainless 
steel a r e  major cand ida tes  f o r  s e l e c t e d  d e s i g a s  when cons ide r ing  a l l  s e r v i c e  
f a c t o r s  and c o s t  e f f e c t i v e n e s s .  A nore  s p e c i f i c  ident7.f icacion of candidate  
a l l o y s  a r e  j u s t i f i e d  f o r  t h e  main engine c ~ .  ti;cqents. 
a.  Thrust  Chamber Assembly 
(1)  Thrust  Chamber 
The r e g e n e r a t i v e l y  cooled t u b u l a r  t h l u s t  chamber 
w i l l  have g r e a t e s t  exposure t o  s a l t  water  i m e r s i o n ,  o p e r a t i o n a l  tempereture 
extremes and chemiLzL r e a c t i v i t y .  The c a r b u r i z a t i o n  p o t e n t i c l  of t h e  hydro- 
carbon f u e l  on a m u l t i p l e  r euse  engine e l i m i n a t e s  t h e  s e l e c t i o n  of a u s t p ~ i t i c  
s t a i n l e s s  steel. The reduc t! on of mechqnical p r o p e r t i e s  and cor ros ion  
r e s i s t a n c e  of Type 347 s t a i n l ~ s s  teel due t o  c a r b u r i ~ a t ~ o n  does not  provide 
mul t ip le  reuse  r e l i a b i l i t y .  
The s o l i d  s o l u t i o n  s t r e n g t h e q ~ d  n i c k e l  base and 
co',)al t a l l o y s  , renresen ted  by c u r r e n t  production a l l o y s  I.lcone1 625, Iirr, t; :lop 
a l l o y  X, Has te l loy  a l l o y  C-276, Haynee Na. 2, and Haynes No. 188, p r e s e n t  
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b e t t r r  high temperature proper t ies ,  ca rbur iza t ion  r e s i s t ance ,  and, salt water 
corrosion res is tance.  The f i r s t  t h r ee  a l l o y s  are n icke l  base and tile l a t t e r  
tuo, coba l t  base, The t e n t a t i v e  decis ion t o  make the  l a r g e  tubula r  t h r u s t  
cir:~rqher a welded construct ion as opposed t o  a brazement (due t o  l imi ted  braze 
ftlrn;icr_. f a c i l i t i e s  of s u f f i c i e n t  s i z e )  l e d  t o  t he  s e l e c t i o n  of l ias te l loy 
Alioy C-276 f o r  the tube material, 
This l a r g e  welded tubula r  s t r u c t u r e  is .enera l l y  
lw r e s t r a i n t  and w i l l  be used i n  the  "as-welded" condit ion,  AutomiZic we1.cling 
procedures w i l l  be es tabl is l led  t o  weld the  tube-to-tube j o i n t s  on bc*h 1.L). 
and O.D, This is t o  prevent entrapment of sal t  water between tubes. Because 
of t h i s ,  major concern is the  r e s i s t ance  of t he  as-welded heat a f f ec t ed  zone 
t o  c ~ r r o s i o n .  Unlike the  o the r  a l l oys ,  Hastel loy Alloy C-276, h a s  con t ro l led  
e x t r a  low carbon, s i l i c o n ,  and manganese and resists the  formation of g ra in  
bounuary p r e c i p i t a t e s  i n  the  weld hea t  a f f ec t ed  zone. Such carbide precipi -  
t a t i o n  and i n t e r m e t a l l i c  compound forna t ion  lowers t h e  in t e rg ranu la r  corrosion 
res i s tance .  Monel is a l s o  a considerat ion depending an e leva ted  temperature 
s t rength  requirements ar.d oxidat ion r e s i s t ance .  
Haynes No. 188 is a lanthanum containing cobal t  base 
a l l oy  with good high temperature s t r e n g t h  and oxidat ion r e s i s t ance .  However, 
t h i s  a l l o y  o f f e r s  nc  s i g n i f i c a n t  advantage over Haste l loy C-276 and is higher 
i n  cost .  Also, t he  corrosion r e s i s t ance  of "as-welded" Haynes 188 is an 
unknown fac to r .  
The nozzle re inforc ing  bands t o  provide hoop r e s t r a i n t  
will oe made of a lower cos t  a l l oy ,  Inconel  625. Only minimal tack welding is 
used t o  j o in  the  bands t o  the  estei- ior  of the  tube bundle. The a x i a l  t h r u s t  
s t r u c t u r e  a t  the t h roa t ,  depending upon s t r eng th  requirements ye t  t o  be estab- 
l i shed ,  w i l l  be f ab r i ca t ed  of e i t h e r  Inconzl  625 o r  Inconel  718. The l a t t e r  
w i l l  be employed i f  the  higher s t r eng th  of  t h i s  p r e c i p i t a t i o n  lrardenable a l l o y  
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can s i g n i f i c a n t l y  c o n t r i b u t e  t o  weight reduct ion .  It would be h e a t  t r e a t e d  a s  
a  subassembly and subsequent ly  a t t a c h e d  by welding. l leat t r e a t e d  Incone l  713 
w i l l  p rovide  approximately t h r e e  t imes  t h e  y i e l d  s t r e n g t h  of  Incone l  625 o r  
Has te l loy  X. A newer modi f i ca t ion  of Incone l  718, des igna ted  Inconel  706 is 
a l s o  under c o n s i d e r a t i o n  wherein a l a r g e  amount of machining may be requi red .  
I t  has a  much h igher  mach ineab i l i ty  r a t i n g  than Incone l  718 wit12 some l o s s  
i n  u s e f u l  s t r e n g t h ,  i.e. 15 t o  20% lower s t r e n g t h .  
The t h r o a t  hoop reinforcement  w i l l  l i k e w i s e  use a 
n i c k e l  base a l l o y  and s e l e c t i o n  w i l l  be  d i c t a t e d  by s t r e n g t h  requi rements  not  
y e t  f i n a l i z e d .  
(2) I n j e c t o r  
The c u r r e n t  i n j e c t o r  des ign  is a l a r g e  p la te -gusse t  
welded des ign  wi th  approximately 1200 e lements  a c t i n g  as s t r u c t u r a l  suppor t s  
between t h e  f a c e  p l a t e  and i n t e r p r o p e l l a n t  p l a t e .  E i t h e r  b raz ing  o r  welding 
cotild be employed t o  j o i n  t h e  e l e m e n t i p l a t e  s t r u c t u r e  and t h e  lat ter  is t h e  
c u r r e n t l y  s e l e c t e d  method. Welding w i l l  provide b e t t e r  a s su rance  of  j o i n t  
i n t e g r i t y  and provide  s imple r  l o c a l  r e p a i r  techniques.  
The welded f a b r i c a t i o n  i n f l u e n c e s  m a t e r i a l  s e l e c t i o n .  
Both E l e c t r o n  Beam (EB) and automat ic  GTA and GMA welding are cand ida te  pro- 
cesses.  Even wi th  t h e  p ropens i ty  t o  s a l t  water  p i t t i n g  cor ros ion ,  a u s t e n i t i c  
s t a i n l e s s  s t e e l s  a r e  cand ida tes  for t h e  lleavy back-up s t r u c t u r e .  P l a t e  
th icknesses  on the  o r d e r  of  one inch  a s  w e l l  as exterS.or  a c c e s s i b i l i t y  f o r  
c l ean ing  warrant  c o n s i d e r a t i o n  of  t h i s  less expensive mate r i a l .  The candidate  
a l l o y  is ~ r m c o ' s  n i t r o g e n  s t rengthened s t a i n l e s s  steel 22-13-5 due t o  i ts 
h i g h  s t r e n g t l ~  compared t o  300 series s t a i n l e s s  steels. I t  would n o t  b e  used 
f o r  an ED welded des ign ,  Ilowever, s i n c e  speci i l l  tlevelopn~ent is ncedctl on 
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22-13-5 t o  a s su re  sourd EB weld jo in t s .  EB welding is t o  be consicicred due  
t o  the l a r g e  diameter of the  i n j e c t o r  and the  lesser amount of shrinkage 
encountered with EB welding. This shrinkage can be compensated f o r  i n  GTA 
! 
and GI4A welding as wel l  with judic ious  weld sequencing and intermediate  
anneals. 
The f ace  p l a t e  w i l l  be Inconel  625 o r  tionel and the  
elements, i n t e rp rope l l an t  p l a t e ,  p i e  gusse t s ,  and cover p l a t e s  w i l l  be made of 
Armco 22-13-5 s t a i n l e s s  steel. This a l l o y  is t e n t a t i v e l y  s e l ec t ed  f o r  t he  
elements t o  provide b e t t e r  machineabil i ty f o r  t h i s  p o t e n t i a l  screw machine 
p a r t .  The p rope l l an t s  w i l l  keep t h e  f ace  exposed ends cool  enough t o  prevent 
ca rbur iza t ion .  Post-recovery c leaning t o  prevent p i t t i n g  w i l l  be necessary.  
For an EB welded design t h e  i n t e rp rope l l an t  p l a t e  would be  the  same meter ia l  
as t h e  face  p l a t e .  The elements could poss ibly  remain 22-13-5 s i n c e  EB welding 
t o  a d i s s i m i l a r  metal mi t iga t e s  t h e  poros i ty  problem. 
The th inner  walled manifolds w i l l  be f ab r i ca t ed  of 
Inconel  625 o r  Monel t o  prevent p i t t i n g  corrosj.c;l on these  r e l a t i v e l y  t h i n  
s t r u c t u r a l  members. 
Spec ia l  ca re  w i l l  be exercised i n  tile review of the 
i n j e c t o r  design t o  a s su re  the  e l imina t ion  of both i n t e r n a l  and e x t e r n a l  
p o t e n t i a l  salt water entrapment areas. Partial weld pene t ra t ion  w i l l  not  b e  
permitted except where welds can be made on b o t : ~  s i d e s  of 3 given jo in t .  The 
cu r r en t  design mating the  i n j e c t o r  t o  the t h r u s t  chamber has a pe r iphe ra l  gap 
approximately e i g h t  inches deep. This cavicy could en t rap  a l a r g e  quant i ty  of  
sa l t  water and removal during c leaning would be very t i m e  consuming. The 
cur ren t  p lan is t o  f i l l  t h i s  cav i ty  wi th  a nonadhering RTV compound such as 
KT, -60 without primer. A minimal amount would char back bu t  the  c leaning 
would be mnch simpler. Without priming, disa.3sembly w i l l  not  be d i f f i c u l t .  
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b. Valves 
The o x i d i z e r  and f u e l  va lve  bodies  must provide  f o r  
adequate o p e r a t i o n a l  s t r e n g t h  and i n t e r n a l  c o m p a t i b i l i t y  w i t 1 1  tile p r o p e l l a n t s  
and e x t e r n a l l y  with t h e  s e a  water  recovery environment. P i t t i n g  c o r r o s i o n  of 
aluminum a l l o y s  and t i t a n i u m  l i m i t e d  t o  t h e  f u e l  on ly  p l u s  t l i s s i m i l a r  j o i n t  
problems a g a i n  d i r e c t  us t o  n i c k e l  base  a l l o y s ,  Inconel  ?06 w i t h  i ts  good 
mach ineab i l i ty  p l u s  h igher  s t rengtl l  is s e l e c t e d  f o r  t h e  housings. I n t e r n a l  
l c v e r  s t r e s s e d  p a r t s  w i l l  be  f a b r i c a t e d  of Incone l  625 Monel, o r  Has te l loy  
C-276. The downstream poppet f a c e  could  p o s s i b l y  be  i n  c o n t a c t  wi th  inges ted  
sea water and an a l l o y  such a s  t h e s e  is p r e f e r r e d  t o  prevent  p c s s i b l e  p i t t i n g  
corrosion.  
c. Lines  
With t h e  c u r r e n t  low p r e s s u r e s  a n t i c i p a t e d  t h e  l i n e s  w i l l  
be f a b r i c a t e d  of Inconel  625 or Monel. The a l l o y s  have good f a b r i c a b i l i t y  I 
and can be r e a d i l y  welded and brazed. P o t e n t i a l  e x t e r n a l  and i n t e r n a l  exposure 
t o  s a l t  water  d i c t a t e  s e l e c t i o n  of t h l ;  type  of a l l o y .  
S t a t i c  s e a l  coupl ings  sllould be p r o t e c t e d  from s e a  water  
entrapment t o  prevent  p o s s i b l e  damage t o  t h e  seal s u r f a c e s .  Tecl~niques  t o  
encapsu la te  t h e s e  j o i n t s  a r e  under cons ide ra t ion .  Encapsulants  t l ia t  a r e  
e f f e c t i v e  y e t  e a s i l y  s t r i p p e d  inc lude  s h r i n k a b l e  tub ing  boots ,  p r e s s u r e  s e n s i -  
t i v e  tape ,  07- dhesive bonded f i lms.  Th i s  techniqtie w i l l  be eva lua ted  a t  o t h e r  
p o t e n t i a l  el ,apment l o c a t i o n  when engine  opera t ion  w i l l  no t  degrade tile 
mate r i a l .  
Page V-60 
V ,  F, Material  Requirements (cont.) 
6 .  'Cccl~nology Requirements 
I n i t i a l  review of mater ia l s  and processing problems assoc ia ted  
with the  f ab r i ca t ion  and performance of the  PFB i n d i c a t e  the  need f o r  tccltnology 
development t o  so lve  some s p e c i f i c  problems. 
a. Hot S a l t  Corrosion Evaluation 
Exposure of candidate n i c k e l  and coba l t  base a l l o y s  t o  
e leva ted  temperature wi th  s a l t  present  on t h e  sur face  can r a d i c a l l y  degrade 
the  material proper t ies .  Although post  recovery c leaning w i l l  be employed, 
an evaluat ion of the e f f e c t  of any p o t e n t i a l  res idue must be assessed. 
b. Marine Environment Corrosion Evaluation 
Spec i f i c  t e s t i n g  af candidate a l l o y s  and couples sllould 
be performed t o  v e r i f y  general  corrosion,  concentrat ion and galvanic  c e l l  
e f f e c t s  t o  assure  r e l i a b i l i t y  f o r  mul t ip le  reuse. 
c. Welding of Thrust Chamber Tube Bundle 
Weld development t o  e s t a b l i s h  the  automated techniques 
and weld parameters is required t o  ob ta in  proper pene t ra t ion  without burn- 
through, e s t a b l i s h  sequencing and shrinkage c h a r a c t e r i s t i c s .  
d. I n j e c t o r  Element Welding 
Both Electron Beam welding using por tab le  equipment and 
autolnated GRA and G W  welding processes w i l l  be evaluated t o  determine the  
most cos t  e f f e c t i v e  q u a l i t y  method. F u l l  pene t ra t ion  welds and double i n t e r -  
p rope l lan t  welds, f o r  GTA and GMA welds, have t o  be developed and i n t e g r i t y  
v e r i f i e d  on simulated hardware. 
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e. S e a l i n g  of Flange : t o  Prevent  Sea Water Lntrapineilt 
C r i t i c a l  s t a t i c  s e a l  coupl ings  slloulti be p r o t c c  tctl to  
prtrvc~lt  seepage of s a l t  water  upoil s e a  water  recovery i l l to  tllc coupl ing  i n t e r -  
face.  S a l t  water  i n  such a t i g h t  c r e v i c e  can prove to bc d i f f i c u l t  t o  removc 
w i t i ~ o u t  disassembly of t i le coupl ing  and relnoval of tlle s e a l .  Enc;ipsulation 
by rneans of  s h r i n k a b l e  tub ing  boots ,  p ress1- rz  s e n s i t i v e  tape ,  and adilcsive 
bonded f i l m s  w i l l  be eva lua ted  f o r  ease of a p p l i c a t i o n ,  c f f e c t i v c n c s s  a s  n 
coupling s e a l ,  and ease of removal. 
f ,  Varnish and/or  Coke Removal from Coolant Tubes 
Varnish d e p o s i t i o n  o r  coking of the r e g e n e r a t i v e l y  
cooleri t h r u s t  chamber tubes  I. i). is  h igh ly  probable wi th  tile f u e l s  under con- 
sidera t ion .  Such d e p o s i t i o n  i n t e r f e r e s  wi th  h e a t  t r a n s f e r  cllarac teris t i c s  
and techniques  f o r  p e r i o d i c  removal of t h e s e  d e p o s i t s  is necessary-  Mcclianical 
"rodding" o u t  of t h e  tubes ,  burning o u t  wi th  a c o n t r o l l e d  o x i d i z i n g  gas, a i d  
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F. ENGINE GROIJTH POTENTIAL 
Growth p o t e n t i a l  f o r  t h e  b a s e l i n e  engine was eva lua ted  f o r  two 
p ~ s s i b i l i .  ties ; (11 p o t e n t i a l  t h a t  e x i s t e d  because the  b a s e l i n e  was not  optimum 
based on the  vchf ~ n g i n e  t r a d e o f f  s t u d i e s ,  and (2)  p o t e n t i a l  f o r  accommod~t- 
i n g  an I n c r e a s e  ~ L L  c r i t i c a l  engine parameters  such as t h r u s t ,  t h r o t . t l i n g  cap*- 
b i l i  t y  , e t c .  dur ing  an engine development prograin. 
The p o t e n t i a l  of the  b a s e l i n e  l i n e  engine  i f  completely optimized 
i s  t a b u l a t e d  i n  Table'V-XVII f o r  the  Boeing v e h i c l e .  A s  shown, each s i g n i f i c a n t  
t r a d e o f f  s tudy was d i scussed  i n  Sec t ion  111 is  shown t o g e t h e r  wi th  the  poten- 
t i a l .  decrease  o r  ga in  i n  gross  l i f t o f f  weight  f o r  t h e  veh ic le .  The t L \ t a l  
p o t e n t i a l  ga in  (-526,000 l b )  is e q u i v a l e n t  tc a p p r o x i ~ a t n l y  6 , 6  s e c  of 
inc reased  s p e c i f i c  impulse. 
bngine requirements  may change A i n g  an engine development program 
due t o  d a t a  ob ta ined  dur ing  t h e  program o r  due t o  inc reased  vehic l ,  r equ i re -  
ments. An e v a l u a t i o n  of  t h e  b a s e l i n e  engine  was accomplished t o  determfne t h e  
growth p o t e n t i a l  a v a i l a b l e  t o  r,,zet p o s s l b l e  new r e ~ u i r e m e v  ts . A summary 0.F 
t h i s  growth p o t e n t i a l  is presented  i n  Table V - X V I I I  f o r  t h e  major engine  parameters  
t h a t  may change. I n  a d d i t i o n ,  t h e  method of meeting t h e  new requirement and 
t h e  v a r i a t i o n  !-n t h e  parameter  is a l s o  t-ibulated. V a r i a t i o n s  i n  combustion 
chamber l eng th  t o  achieve  h i g h e r  performance caa  b e  accommodated wi th  m i ~ o r  
impact on the  t h r u s t  v e c t o r  c o n t r o l  system s i n c e  the  b a s e l i n e  engine u t i l i z e s  
a hinged gimbal wi th  t h e  gimbal p o i n t  n e a r  t h e  engine c e n t e r  of g r a v i t y .  
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ACOUSTIC MODAL FREQUENCIES 













CORROS I ON RATE OF METALLI C MATERIALS 
IN NATURAL SEA W2TER (CONTINUOUS IPiMEXSION) (192) 
Materials 
Titanium 
Corrosion Rate, MYr 
0.03 
Nickel base 0.05-2.3 
Nickel-copper 
(monel and cupronickel) 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE XV 4 
CLEANING AGENTS CONS 1 DE RED 
TLV* 
Spec i f i ca t ion  ( ppm) Media 
Alcohols*.? : 
Ethyl  Alcohol 0-E-760, 1,000 
Grades I and I1 
Isopropyl Alcohol TT-1-735 400 
Methanol (Methyl Alcohol) 0-M-2 32 200 
Halogenated Solvents:  
T r i c h l o r o t r i f  luoroethane, ** MIL-C-81302 1,000 
Cleaning Compound, Solvent 
Freon Prec i s ion  Cleaning Agent,** MSFC-SPEC-237 1,000 
Solvent 
Trichloroethane,  1,1,1 MIL-T-81533 500 
(Methyl Chl-arof om)  , 
Inh ib i t ed  Vapor Degreasing 
Solvent ,  1-1-1-Trichloroethane, mFC-SPEC-471 500 
High Pur i ty ,  Inh ib i t ed  
Tr ichloroethylene,  xygen 
Prope l lan t  Compatible 
Trichloroethylene,  Technical MSFC-SPEC-217 200 
Freon T-WD 602 None 1,000 
Freon T-P 35 None 750 
Aqueous Solvents:  
D i s t i l l e d  Water, Acs and 
Bat tery  Water 
Deionized Water None -f- 
Alkaline Solu t ions  Various .I- t 
Acidic S olu t ion Various - t t  
Hydrocarbons Various 
*Allowable Threshold Limit Values f o r  personnel exposed 8 h r  per  day, 
6 days per  week f o r  extended per iods ,  f o r  comparison TLV of carbon 
dioxide is 5000 ppm 
**Tradenames Freon TF, Freon PCA, Freon-113, Genesolv D, and Abcolene 
.?Not considered t o  be t o x i c  by most a u t h o r i t i e s  
t t T o x i c i t y  dependent upon s p e c i f i c  a d d i t i v e s  
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i.. 1 
. F 
PRESSURE FED UOOSTER EiJGIl4E GSE LIST 
Nomenclature 
- Engine Nain tcnance :3  and 
Valve Handling Adapter 
Line Adapter 
TCA Handling S l ing  
GG Adapter 
Heat Ex. Adapter 
Functional Test  Se t  
Leak Test K i t  
Throat Plug 
Engine Cont ro l le r  Test  Se t  
Decontaminator 
Shipping Covers 
Engine Shipping Con to 
Stiff Links 
Engine Handline Sling 
Engine Mating Fixture 
Fuel Valve Container 
Ox Valve Container 
Fuel Line Closure 
Ox Valve Closure 
!)x Line Container 
Fuel Line Container 
Ox Line Closure 
Fuel Line Closure 
TCA Container 
TCA Closure 
lieat Excho Container 
GC; Con ta i i~er  
Figure V-5 
Page V-96 















































































































































































































































































































































































































































































































































PANAMA "ANAL ?ONE 
PITTING CCIRROSIOh h F  VARIQIJS ALLOYS I N  QUIESCENT SEA WATER 
CREVICE CORROSION OF STAINLESS STEEL IN 
QUIESCENT SEA WATER 
(KiZY WEST, FLORIDA) 
Fipure V-J4 
Fags V-105 
10 15 20 25 30 4C 50 60 70 80 90 100 
PORTION 3F Oi lZIDES WE#OBHD, X 
REI4OVA: OF CHL0EIL.L SALTS hi' S G t X I N t  iii iJArER AT 7 5 " ~  
{SHELL .WD TL'ED STMX'LESS STEEL HEAT EXCHANGER) 






Engine/Vehf cle Exchange Ratios 
Pressure-Fed Booster Engine Parametric Data 
Engine Pressure Schedules 








. _*I,__ - -  - 
Page 
-- 
3 Baseline Engine fo r  Parmetric Study 
Delivered Spec i f ic  Impulse versus  Hixture Ratio f o r  
LOX/ RP-1 1 7  
Ef fec t  of Chamber Pressure  and Area Ratio Upon 
Delivered Spec i f ic  Impulse f o r  LOX/RP-1 
Effect  of Thrust '%amber Pressure Upon Required 
Engine I n l e t  Pressures  
Ef fec t  of Thro t t l i ng  k ~ u i r e m e n t  Upon Required I n j e c t o r  
S t  i.f f ness 22 
Ef fec t  of Thro t t l i ng  Requirement Upon Spec i f i c  Impulse 
and Enpine I n l e t  Pressure  2 4 
Effect of M x t u r e  Ratio Range Upon L ~ z i n e  Weicht 28 
Effec t  of M x t u r e  Rat io  Range Upon Required Engine I n l e t  
Pressures  (LOX/RP-1) 29 
Effect  of ?fixture Katio Range Upon Required Engine TnLet 
Pressure  (LOX/Provane) 30 
Engine Spec i f i c  Impulse f o r  Off-Design Ptixture Ratio 
Ooerati on (LOX/W-1) 3 1 
Engine Spec i f i c  Impulse f o r  Off-Design Mixture Ratio 
Operation (LOS/Pronane) 3 2 
APPENDIX A 
PAMJHETRIC ENGINE DATA 
1 .  INTRODUCTION 
-- - ----- 
This sec t ion  qresen ts  the  design,  weight, performance, AP requirements 
and seometry da t a  f o r  the  ~ a r a m e t e r  v a r i a t i o n s  l i s t e d  below. The cos t  and 
development time changes a r e  presented i n  Appendix E of t h i s  repor t .  Tile 
data  is nresent~d f ~ r  both LOX/ItP-1 and LOX/Prcpane nropellanc combinations. 
Table I (Parametric Var ia t ions)  
-- 
Parameter Nominal Value Range Considered 
500,000 t o  2,000,000 Ib .  Sea Level Thrust 1,200,000 l b .  




6 : l  
6' 
Chamber P ~ ~ e s s u r e  Lr 
. . 
. c 2  
; k.: 
J C'i'  
TVC Gimbc .1  Angle 
(Ginbaled Enpine) 
TVC Equivalent Gimbal 
A n ~ l e  (Secondary I n j e c t  ion) 
Thro t t l i ng  Range 70% of Rated 
Vac. Thrust 
(P /P Rated) 
C C 
Mixture Pa t io  R.ange 
S ~ e c i f i c  Impulse Eff ic iency 
Mixture Ratio Tolerance 
Number of Starts 
Lifet ime 
+ .1 to + .5 
- -- 
857. t o  94% 
1% t o  3% 
10 t o  50 
1000 to 8000 sec.  3000 sec. 
The narametr ic  b a s e l i n e  a n e f i ? ~  is s~c?I.?~, 31? Fi,n,urz 1. I t  s l iuuld 'be 
noted t h a t  t h e  b a s e l i n e  engine  is f u l l y  r e g e n e r a t i v e  cooled and uses a  
head-end tzimbal f o r  t h r u s t  v e c t o r  c o n t r o l .  The engine  dry  weiyllts sl~own 
on t h e  f i q u r e  f o r  both  LOX/RP-1 and LOX/Propane inc!-ude t h e  w e i n l ~ t s  of t h e  
a c t u a t o r  and h y d r a u l i c  system f o r  t h e  gimbal. A l l  o t h e r  engine opera t ing  
parameters a r e  t h e  nominal v a l u e s  s p e c i f i e d  i n  Table I .  
A combustion chamber c o n t r a c t i o n  uf 1.8, a chamber l e n ~ t l l  of 50 i n .  
and an  e c u i v a l e n t  74X b e l l  nozzle  l e n g t h  were s e l e c t e d  f o r  the  b a s e l i n e  
parametr ic  engine.  These des ign  parameter  s e l e c t i o n s  w e r e  based upon 
t r adeof  f  s t u d i e s  inv'lvine t h e  e f f e c t s  of  engine performance w e i d l t  , length .  
d iameter  and renu i red  AP unon v e h i c l e  performance as measured by chanpes i n  
v e h i c l e  g ross  l i f t o f f  w e i ~ h t .  The exchange r a t i o s  used and t h e  sources  a r e  
shown on Table 11. It  should be noted t h e  chamber l e n g t h ,  c o n t r a c t i o n  
r a t i o  and pe rcen t  b e l l  l e n g t h s  ased i n  p rev ious ly  i s sued  pa ramet r i c  d a t a  
(13 Dec 1971) were 35 i n . ,  1 . 3  and 80%, r e s ? e c t i v e l v .  
IIT. DISCUSSION 
--- 
The e f f e c t  of v a r i a t i o n s  around t h e  nominal o p e r a t i n 2  ~ a r a m e t e r s  
uDon perfotmance, weight . geometry, etc. , w a s  handled as fo l lows : each 
narameter  w a s  v a r i e d  whi le  ho ld ing  a l l  t h e  remaininp parameters  cons tan t  
a t  t h e  nominal va lue .  In t h i s  f a sh ion ,  t h e  a f f e c t  of t h e  v a r i a t i o n  upon 
the  b a s e l i n e  des ign  can be  obta ined.  
:\Jominal n e v t  >?mance is  p resen ted  f o r  90% of theore  t ica l  s l ~ i f  t ing  
equ i l ib r ium sea-level (90.7W of vacuum). Minimum deli .vered v;lues are 
a n ~ r o x i r n a t e l y  3 and 4 s e c  lower f o r  sea - l eve l  and vacuum, r e s n e c t i v e l y .  
These d i f f e r e n c e s  a r e  based upon h i s t o r i c a l .  d a t a .  The a c t u a l  p red ic ted  
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111, Discussion (con t . )  
i n  d e l i v e r e d  performance (percent  theory)  upon t h e  engine  weight and peometry 
d a t a  nresented  h e r e i n  is n e ~ l i g i b l e .  This r e s u l t s  because i n c r e a s e s  i n  
~ e r f o r m a n c e  r e s u l t  i n  decreased engine flow r a t e  and, hence,  the  t h r o a t  a r e a  
is cons tant  f o r  ,- Lvcn t h r u s t  and t h r u s t  chamber p ressure .  Tlicrefore,  onlv 
tt. 
2 minor v a r i a t i o ~ s  i n  ~;lei:rhts of flow a f f e c t e d  components r e s u l t .  
Engine component w e i ~ h t s  were der ived  bv a ~ ~ l y i i l g  geometr ic ,  t h r u s t  
and p r e s s u r e  s c a l i n g  r e l a t i o n s h i p s  t o  a c t u a l  weights  of components from 
engines such a s  t h e  T i t a n ,  I?-1, F-1 and 5-2. S c a l i n c   relationship^ such a s  
those  used were a p p l i e d  dur ing  Contrac t  NAS 8-26188, Snace S h u t t l e  ?lain 
Engine D e f i n i t i o n  Studv and v e r i f i e d  through d e t a i l e d  enpine weight a n a l y s i s .  
Engine weights  and s c a l i n g  w i l l  be checked through d e t a i l e d  des iqn  a n a l y s i s  
i n  Phase B of  t h i s  c o n t r a c t .  The engine  w e t  weight is t h e  w e i ~ h t  a t  burnout 
assuming LOX d e p l e t i o n .  This  w e t  weight i n c l u d e s  t h e  f u e l  i n  t h e  l i n e s ,  
coolant  j acke t  and i n j e c t o r .  A d-Lscussion of each of t h e  parametr ic  v a r i a -  
t i o n s  is  contained i n  t h e  paragranhs which fol low. 
The v a r i a t i o n  of engine  weight and dimensions wi th  t h e  d e s i e n  
s e a - l e v e l  t h r u s t  i s  shown on Page 1 of Table I11 f o r  both LOX/PS-1 and 
LOX/Fropane n r o n e l l a n t  combinations. To ta l  engine weights  i n c l u J e  the  
. . 
. t  . .  . weights  of t h e  uimbal a c t u a t o r  and hydrau l i c  system. Note t h a t  the  parameter 
- being v a r i e d  is under l ined Qn t h e  t a b l e .  
11 Engine. pe-formance is bi d upon 90% o f  t h e o r e t i c a l  sea - l eve l .  Actual  d e l i v e r e d  performance is expec,=d t o  be 92.1% of t h e o r e t i c a l  s e a - l e v e l .  
The enpine does not  r e q u i r e  any f i l m  coolant  a t  any t l l rus t  l cve l  , I~encc! 
performance i s  unaf fec ted  by t h e  des ign  t h r u s t  l e v e l .  
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111, Discuss ion  ( c o n t . )  
B. DESTGN MIXTURE RATIO 
The v a r i a t i o n  o f  e n g i n e  w e i g h t ,  performance and dimensions w i t 1 1  
t h e  d e s i g n  m i x t u r e  rati.0 i s  shown on Page 2 of Table  111 f o r  I,OX/RP-I -nJ  
Page 3 of Table  I11 f o r  LOX/Propane. Lominal nerformance i s  ap,ain b a : ,  d 
w o n  90% of  t h e o r e t i c a l .  The a c t u a l  d e l i v e r e d  1 -cormance as a f u n c t i ~ n  
of m i x t u r e  r a t i o  f o r  LOX/RT-1 is shovm on F i g u r e  2. The p e r c e n t  of t l ~ e o -  
r e t i c a l  f o r  t h e  a c t u a l  d e l i v e r e d  values a t  d e s i g n  m i x t u r e  r a t i o  are 92 .1% 
and 93% f o r  s e a - l e v e l  and vacuum, r e s p e c t i v e l y .  
The e n ~ i n e  does  n o t  r e q u i r e  any f i l m  c o o l a n t  a t  any of  tl:c 
o p e r a t i n g  mix tu re  r a t i o s ,  hence  t h e  performance l e v e l  a c h i e v a b l e  is no t  
a f f e c t e d  by  t h e  d e s i o n  m i x t u r e  r a t i o .  
C. CHAFIRER PRESSURE AND NOZZLE AREA RATIO 
The e f f e c t  o f  d e s i g n  chamber p r e s s u r e  and n o z z l e  area r a t i o  
ugon eng ine  performance,  weight  and geometry i s  s1101.m on Pa2es 4 and 5 o f  
Tab le  I T 1  f o r  LOX/RP-1 and Pages 6 and 7 f o r  ~OXIPropane .  The parameter  
be ing  v a r i e d  is u n d e r l i ,  .ed on t h e  t a b l e .  For each t h r u s t  chamber p r e s s u r e ,  
t h e  a r e a  r a t i o  i s  v a r i e d  o v e r  a ratlpe of  4 t o  8. 
Performance d a t a  on Table  111 is  p r e s e n t e d  f o r  90% o f  t h e o r e t i c a l  
s e a - l e v e l  and s i n c e  f i l m  c o o l a n t  is n o t  r e q u i r e d  a t  any chamber p r e s s u r e  
l e v e l ,  t h e  nerformance l e v e l  a c h i e v a b l e  i s  n o t  a f f e c t e d  by t h e  des ign  
chamber p r e s s u r e .  Actua l  expec ted  d e l i v e r e d  performance v a l u e s  f o r  LOX/W-1 
a s  a  f u n c t i o n  of  t h r u s t  chamber p r e s s u r e  and nozz1.e a r e a  r a t i o  are stiotm on  
F i r u r e  3 a t  d e s i ~ n  o ~ e r a t i n g  c o n d i t i o n s  and t i le  p e r c e n t s  of  t h e o r e t i c a l  quoted  



























































































































































































































































































































































111, C,  Chamber Press-rs  and Nozzle Area Ratio (cont.) 
Vie va r i a t i on  of t h e  required engine i n l e t  pressures  w i t h  t h rus t  
cltnmher pressure is shown on F i ~ u r e  4. This f i p ~ r e  is based upon a fr l l lv  
rcqeneratively-cooled engine f o r  both t h e  LOX/RP-1 and LOX/Prop,u~e propel lant  
comb ina t  ions.  
D. THRUST VECTOR CONTROL GIM3AL ANCLE 
The va r i a t i bn  o f  engine weight with t h e  t h r u s t  vec tor  con t ro l  
g ir~ba l  angle requirement is shown on Page 8 f o r  U)X/RP-1 and Page 9 of 
Table 111 f o r  LOX/Propane. Gimbal a c t u a t o r  and hydraul ic  system weight 
es t imates  are included i n  these  weight statements.  The e n ~ i n e  analyzed 
f c r  t h i s  ana lys i s  is head-end gimbaled. A discuss ion on the  gimbaled 
engine envelope is nresented i n  Sect ion IV,3 c;f t h i s  repor t .  
. TVC EQUIVALENT GIMBAL ANGLE (SECONDARY INJECTION) 
The e f f e c t  of the  equivalent  gimbal angle requirement upon engine 
wejpht for a l i q u i d  i n j e c t i o n  t h r u s t  vec to r  con t ro l  svstem is shown on Page 10 
of T a t ~ e  I11 f o r  both LOX/RP-1 and LOX/Propane propel lant  combinations. For 
nurnoses of t h i s  analyses, i n j e c t i o n  of  l i q u i d  oxygen was ~ e d  tc c a l r l ~ a l t e  
the seconfiary i n j e c t i o n  flow requirements as a funct ion of the  TVC angle. 
f t s:tould be noted t h a t  t h e  engine performance va lues  shown do not include 
any TVC e f f ec t s .  P a r m e t r i c  d a t a  is not shown beyond a TVC anple  of 6 O  
because data, at high angles is very l imi ted.  The technica l  unknowns and 
developvent r i s k s  were f e l t  t o  be p roh ib i t i ve  and ex t rapola t ion  of l i q u i d  
oxvzen LITVC performance da t a  beyond 6 O  was not  considered apnropr ia te .  
F. THROTTLING RANGE 
The t h r o t t l e  raage a~ . , i y s i s  was conducted i n  the  following, manner. 
Based upon i n j e c t o r  LP and ~ e r f o m a n c e  :  dies and s t a b i l i t y  con- 

















































































































































































































face pressure (hP/Pc ), i n j e c t o r  s t i f f n e s s ,  was se l ec t ed  as the  design 
value a t  10Q% of rate F%CFhrust and P . Performance and s t a b i l i t y  considera- 
C 
t i o n s  a l s o  d i c t a t e  a minimum i n j e c t o r  s t i f f n e s s  value of .10 f o r  !P/P 
C FACE Therefore, any engine designed aust not have a pressure  drop t o  face  pressure 
r a t i o  less than .10 at any operat ing condit ion.  Based upon these  c r i t e r i a .  
Ficuxe 5 shows t h a t  engines can be designed with 15% s t i f f n e s s  a t  100% of 
ra ted  PC and do not reach 10% s t i f f n e s s  u n t i l  66% of r a t ed  P is  a t t a ined .  
C 
This means t h a t  although onerat ion at reduced s t i f f n e s s  i n  the  t l ~ r o t t l e d  
condi t ion i s  required,  t he re  is  no engine pressure  schedule penaltv at 
r a t ed  PC down t o  a design t h r o t t l e  l e v e l  of 66%. A t v p i c a l  pressure  scbedule 
a t  f u l l  t h r u s t  and 70% of PC is shown on Table I V .  
Figure 6 shows t h a t  below 66% of r a t ed  PC, engine i n l e t  pressure  
pena l t i e s  at  r a t ed  P are required t o  maintain i n j e c t o r  s t i f f n e s s  a t  10Z i n  
C 
the  t h r o t t l e d  condition. This r e s u l t s  i n  higher i n j e c t o r  pressure  drops and 
s t i f f n e s s  at r a t ed  th rus t .  as shown on Figure 5, with a t tendant  increases  i n  
~e r fo rmance  a t  ra ted  t h r u s t  as shown on Figure 6 .  The increased performance 
is not enough t o  o f f s e t  t he  inert weight penalty assoc ia ted  wi t11  the  increased 
i n l e t  pressure  and a n e t  l o s s  i n  veh ic le  performance r e s u l t s  as st~own by 
Table V. 
The v a r i a t i o n  of engine performance f o r  an engine designed with 
a t h r o t t l e  capab i l i t y  of 70% of  r a t ed  chamber pressure  is shown on Table VL. 
This t a b l e  shows t h a t  a vacuum performance loss of 5 see r e s u l t s  at  t h z  707: 
t h r o t t l e  l eve l .  The v a r i a t i o n  of sea- level  performance, assuiiiing the  nozzle 
will not s epa ra t e  j.n t he  t h r o t t l e d  condi t ion,  is  a l s o  shown on t h e  t ab l e .  
G. MIXTURE RATIO PANGE 
The weight of flow r a t e  s e n s i t i v e  coizpc.rc.nts are a f fec ted  by t:ic 
r,>quired onerat ing misture r a t i o  range because tllcsc? componcct:; ntc~st I,(. sizcncl 
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Pressure, o s i  
----- 
Oxidizer Circuit 
---- a- - - - - - - - . .  
Eneine Inlet  (Orifice) 
CP Oririce 
bk Line 
Valve In le t  
LP Valve 
?.egen. Chamber I n l e t  
J P  Regen. Chamber 
Injector Inlet 
AP Injector 
Chamber Pressure, Face 



















































































































































































































































EFFECT OF TIIROTTLINC M?UI RE!!E??T 
UPON VEHICLE PERFORMANCE 
AGLOW 






---- - psi- 
THROTTLED PERFORMANCE (LOX/RE'-1) 












S ~ e c i f i c  Impulse ,  
(Assuming No 
Sezarat i on) , sec 
- -4  ------ - 
Nominal Desisn Point: 
= 1,200,000 l b  
FTR = 2.6 
P = 250 psia 
C 
E = 6 
111, G, \ f ixture Rat io  Range (cont . )  
t o  handle t h e  h i g h e s t  flow rates r e s u l t i n g  from o f f  des inn  opera t  ion .  T l ~ c  
a f f e c t  of t h e  des ign  mixture r a t i o  range unon engine weight is vcr:: small 
and i s  shown on Figure 7. 
I n  a d d i t i o n  t o  t h e  engine  weight e f f e c t s ,  t h e  i n j e c t o r  m u s t  be 
designed t o  handle  t h e  off-design flow rates and t o  provide s u f f i c i e n t  
s t i f f n e s s  ( i n j e c t o r  AP) over  t h e  f u l l  o p e r a t i n g  range. This  r e s u l t s  i n  some 
Dressure schedule n e n a l t y  at t h e  nominal o p e r a t i n g  p o i n t .  The v a r i a t i o n  of 
t h e  requ i red  enpine  i n l e t  p r e s s u r e  wi th  t h e  d e s i ~ n  mixture  r a t i o  ran:!e is 
shown on Figure  8 and 9 f o r  LOX/RP-1 and LOX/Propane, r e s p e c t i v e l y .  
The v a r i a t i o n  o f  engine  performance f o r  t h e  o f f  des ign  mixture 
r a t i o  o n e r a t i o n  is shown on Figures  1 0  and 11 f o r  LOX/RP-1 and J,OX/Pronanc, 
r e s p e c t i v e l y .  Fuel  f i l m  coolant  is n o t  r e q u i r e d  at any o ~ e r a t i n ! !  mixture 
r a t i o .  Sea-level  I does i n c r e a s e  s l i g h t l y  at  t h e  h i g h e r  of f -des iyn  f l o b ~  
s 
r a t e s .  This  occurs  because t h e  chamber p r e s s u r e  i n c r e a s e s  w i t 1 1  t h e  increased 
flow r a t e s  f o r  a given t h r o a t  size. Sea-level pzrformance is h iph ly  s e n t i t i v e  
t o  chamber p ressure .  The d a t a  on F igures  1 0  and 11 were prepared assumin!: 
90X of sea - l eve l  ~ e r f o r m a n c e  at t h e  nominal o p e r a t i n g  mixture r a t i o .  
H. SPECIFIC IMPULSE EFFICIENCY 
The e f f e c t  of s p e c i f i c  impulse ef  i . ic4cncv upon t h e  engine w c i g l ~  t 
and dimensions is minor. As prev ious ly  4t scLt8 ,ed. i n c r e a s e s  i n  performance 
r e s u l t  i n  a compensating reduc t ion  i n  f l o w  rate. The engine t h r o a t  a r e a  is 
t h e r e f o r e  unaffec ted  by t h e  performance e f f i c i e n c y  assumption. Iience, only  






















































































































































































































































































































































































































































































































































































































































































































































































































































































IIT, Discussion (cont . )  
I . M I  YTURE PATIO TOLERANCE 
The v a r i a t i o n  i n  t h e  desipn mixture r a t i o  to lerance a f f e c t s  t~ot l l  
the  valve acd c o n t r o l l e r  desion,  as w e l l  as the  svstem complexity. Ef fec t s  
upon rcairhi are minor and a r e  considered t o  h e  i n s i r n i f i c a n t  for t h i s  s t u d y .  
J .  HITfRER OF STARTS AND LIFETI-YE 
The number of starts and l i f e t i m e  ?ammeters a r e  i n t e r r e l a t e d .  
Previous analyses were conducted under Contract NAS 8-26188 and renor tea  i n  
"Preliminary Requirements and Review Documentation f o r  Space S h u t t l e  Main 
Encine Defini t ion Study ,*' Volume 2 Analysis and Studies ,  Aerojet-General 
Report So. 26188PRR dated 11 September 1970. These analyses  have shown t h a t  
l i f e t i m e  requirements of un t o  20 hours do not  s i g n i f i c a n t l y  a f f e c t  t he  
design of regeneratively-cooled tubula r  t h r u s t  climbers. I n  add i t i on ,  these  
s t u d i e s  showed increasing the  number of s t n r t s  by a f a c t o r  of 5 r e su l t ed  i n  
o u i v  2% increase  i n  engine weight with most of the e f f e c t  i n  t he  t u r b o ~ u m ~ s .  
Therefore, the  e f f e c t  of the  number of starts and l i f e t i m e  parameters upon 
ensine wei.eht f o r  t h i s  engine are considered t o  be nee l ig ib l e .  
Fuel f i l m  coolant  is  not required end pe~formance is unaffected 
bv the  l i f e t i m e  and s tart  parameters. 
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I INTRODUCTION 
Phase I of the Large Pressure Engine Analysis program i s  d i rec ted  
toward se lec t ing  the component c h a r a c t e r i s t i c s  and geometries which define 
the optimum engine selection. This report  describes the f l u i d  dynamics 
and performance analysis  conducted toward t h i s  goal. 
I1 SUMMARY 
Selection of the th rus t  chamber assembly design cha rac te r i s t i c s  
has been completed using a in-depth study which expresses the  performance 
(ISP), weight, and pressure drop c h a r a c t e r i s t i c s  of the major TCA com- 
ponents. Trade-of ( f ectcrs eu;plird by the vehicle contractors  has been 
incorporated t o  convert each influence t o  gross  l i f t  off  weight (GLOW) 
f o r  the purpose of complete vehicle  optimization. This report  sumar izes  
each analys is  and depicts  the  combined influence i n  terms of the optimum/ 
minimum gross l i f t - o f f  weight. 
I11 CONCLUSIONS & RECOMMENINTIONS 
Ten major conclusions r e s u l t  from the optimization and d e t a i l  thrus t  
chamber component analyses. 
1 . TCA mixture r a t i o  should be se lec ted  a t  2.4 i n  order t o  obtain 
the highest  leve l  of delivered performance f o r  a regenerative cooled TCA 
without supplemental cooling. 
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. f  I11 Conclusions & Reconnnendations (cont. ) 
'E 
2. Supplemental fue l  f i lm cooling should be used sparingly due 
t o  the large performance penalty of approximately .8 sec i n  spec i f i c  impulse 
f o r  each 1.0 percent of the fue l  a t  the design point mixture ra t io .  
3. A contraction r a t i o  of 1.4 appears t o  be the optimum, f o r  a 
regenerative combustion chamber, when a l l  gross l i f t o f f  weight f ac to r s  a re  
considered simultaneously. This c h a r a c t e r i s t i c  is influenc . predominately 
by the large changes i n  the seven combustion chamber and i n j e c t o r  i n e r t  
weights a s  the diameter (contraction r a t i o )  var ies .  
4 . A contraction r a t i o  of 2.2 appears to  be ~ p t i m u a  f o r  a film 
cooled chamber because of high performance penal t ies  associated with 
cooling a low contract ion r a t i o  chamber. 
5 . Comparison of in jec t ion  elements denotes higher performance 
using a F-0-F t r i p l e t  a s  compared t o  a s e l f  impinging quadlet, a t  the 
same th rus t  per element. 
6. For a quadlet in j ec to r ,  without chamber f i lm cooling, minimum 
gross l i f t - o f f  weight occurs when a th rus t  per in jec t ion  element of 250 l b f l  
element i s  employed i n  a 32.5 in. chamber length. I f  a l a rge r  750 lbflelement 
i n j e c t o r  i s  employed, the length requirement must be increased to  seventy inches, 
with a 160,000 lbm GLOW increase. The correspordding performance decrease i s  
2 seconds. 
7. For a 500 lbflelement i n j e c t o r  a t r i p l e t  pa t te rn  and a quadlet 
pat tern compare i n  the following manner a t  1.8 contraction ra t io .  Optimum L t  
f o r  the t r i p l e t  occurs a t  a L1 of 29 inches with an associated gross l i f t - o f f  weight 
9 
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111 Conclusions & Recommendations (cont. ) 
5 penalty of 2.1 x 10 lbm. For the quadlet pat tern,  optimum L '  occurs f o r  an 
5 L' of 58 inches with a gross l i f t - o f f  weight penalty of 2.9 x 10 lbm. 
8. In jec tor  pressure drop has only a s l i g h t  influence on delivered 
performance from 10 t o  20 percent of design chamber pressure with the 20 per- 
cent point denoting s l i g h t l y  higher performance. 
9. Chamber geometry analys is  indica tes  the increase i n  spec i f i c  
impulse f o r  conical chambers is  d i r e c t l y  o f f s e t  by the increase i n  Rayleigh 
l o s s  using vehicle GLOW gradeoff factors .  The chamber geomstry f o r  a desired 
length i s  optional and can be d ic ta ted  by other  discipl ines .  
10, Nozzle optimization s tudies  indica te  a Rao optimum contour 
which i s  40% longer than Rao minimum length, i s  des i rable  due t o  the extremely 
strong dependency on performance with the current  vehicle trade-off factors .  
The f 01 lowing paragraphs summarized the  techni qucs employed together 
with a discussion of resul t ing  trends and cmclusions.  
A. Nozzle Characterization 
O p t i d  z a t i o ~ ,  of the la -  - pressure fed  engine (L, P.E, ) expansion 
nozzle was performed by simultaneously considering the nozzle performance 
(divergence loss) ,  nazzle weight, nozzle length and vehicle t rade off f a c t o r s  
which r e l a t e  these parameters t o  gross l i f t - o f f s  weight (GLOW). Variables 
considered were nozzle length and area r a t i o  wfth contours developed 
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I V  Resul ts  (cont. ) 
using Rao's con'our o p t i m i z a t i o ~  theory, Ref. 1. The family of nozzles 
considered were f o r  a r ea  r a t i o s  from 4 t o  10 and nozzle lengths  rrom minimum 
length Rao t o  140% of minim~m length. These contours were ca l cu l a t ed  us ing 
ALRC compcter program FDOGBZ, a method of c h a r a c t e r i s t i c s  so lu t ion  using 
Raols design theory, Ref. 2. 
I n i t i a l l y  the  n o z ~ l e  sur face  a r eas  were dewloped a s  func t ions  
of normalized length t o  t h roa t  rad ius  r a t i o  and percen.. a€ Rao minimum length,  
a s  shown i n  Figure 1. These sur face  a r eas  i n  turn  allowed generat ion of the  
nozzle weight over t he  p a r t i c u l a r  v a r i a t i o n  ranges. A t yp i ca l  family of nozzle 
contours f o r  a rea  r a t i o  6.0 i s  shown i n  Figure 2. Corresponding nozzle per- 
formance (divergence l o s s )  was then computed i n  terms of the  percent  vacum 
s p e c i f i c  l o s s ,  and i s  shown i n  Figure 3. 
R. Combustion Chamber Momentum Pressere  Losses 
Momentum pressure  l o s se s  which r e s u l t  from acce l e ra t i ng  the  
combustion gases a s  the  r eac t ion  is  completed a r e  a func t ion  of the  f low 
Mach nwnber and the  r a t e  of d i s t r i b u t e d  combustion. This pressure  loss ,  
which is i n  s e r i e s  viti, t he  f  l cw  c i r c u i t  pressure  losses ,  requ i res  s higher 
t o t a l  i n l e t  pressure  due tc the  d i f f e r e r c e  tetween i n j e c t o r  f ace  and th roa t  
plane t o t a l  pressure. I n  conjunction with s u i t a b l e  vehicle  tradeoff  f a c t o r s  
t h i s  l o s s  must be considered i n  the  course of the  t h r u s t  chamber design 
optimization 
(1) Rao, Ct. V. R., "Exhaust Yozzle Contour f o r  Optimum T ' - t ~ u s t ~ ~ ,  Jet Propulsion 
Vol. 28, 377-383, June 1958 
(2 )  Pieper, J. L., and Hurr, G. B. llComputer Program f o r  Calcula t ing Rao 
Optimum Nozzle C ~ ~ l t o u r s ~ ~ ,  ALRC Report 9600:M044, Sept. 1971 
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I V  Results (cont. ) 
The selected study independent variables  were cnrrmhcr contraction ra t io ,  
thrus t  per in jec tor  element, chamber length, and in jec to r  s t i f f ne s s  r a t i o  
I 1. The parameters were invest igated f o r  the impinging doublet (''orif c 
type in jec to r  element. The influence of var ia t ions  i n  i n j ec to r  eleraent type 
was evaluated by examining a second i n j ec to r  element, a fuel-oxygen-fuel 
impinging t r i p l e t ,  a t  an intermediate i n j ec to r  s t i f f n e s s  r a t i o  of 15 percent 
( in jec tor  2ressure droplcharaber pressure). 
Tc reduce the n * h r  of t o t a l  pressure l o s s  surveys, only 
engine: ( in jec tor  type and corresponding chamber length) exhibi t ing 97 percent 
energy release eff iciency were evaluated. A lesser performance would not 
allow the gross l i f t  off  th--ust requ, cement t o  be mr t. Thus, chamber length 
(L') was eliminated a s  an independent variable. That is, chamber length was 
defined exp l i c i t ly  through the 97 percent B.B.E. l imitation. It was f ~ u n d  
tha t  this l imi ta t ion  d ic ta ted  nearly constant momentum pressure losses  (heat 
addition due t o  c d ~ ~ s t i o n )  regardless of thrustleleanent o r  in jec t ion  s t i f f -  
ness rat io .  'This f a c t  can be explained with a i d  of Figure 4. When the 
percentage of vaporized t o t a l  flow r a t e  is plo t ted  versus normalized chamber 
length a l l  combinations of thrust/element and in jec t ion  pressure drop exhibi t  
a sinsilar charac ter i s t ic .  ?his t rend says t h a t  f o r  a pa r t i cu la r  chamber 
contraction r a t i o  the mass addition charac te r i s t i c  with respect to  the  normalized a . 
chamber length is  a constant. The abscissa of Figure 4, M ~ i ~ l i z e d  Chamb?r 
Length, i s  the length from the in jec to r  face t o  a pa r t i cu la r  chamber ax ia l  
s t a t ion  divtded by t o t a l  ck&r length ;L1). This is equivalent t o  p lo t t ing  
vaporized flowrate versus : ? a  local  coqtraction ra t io .  Thus, f o r  a given 
throat  radius and contraction r a t i o  and a t  the same 
- 5- 
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normalized chamber leng th  s t a t i o n  , the  percent  vaporized of t o t a l  f lowratc  
i s  constdnt  regard less  of thrust /e lement  and i n j e c t i o n  s t i f f n e s s  r a t i o .  Also, 
i t  w a s  found by comparing F-0-F t r i p l e t  and s e l f  imping-ng quadlet  element types, 
t h a t  t h i s  t rend holds regard less  of i n j e c t o r  element type. Thus, assuming 
the  P.F.E. i n j e c t o r  w i l l  de l ive r  97 percent  o r  l a r g e r  energy r e l ea se  2-iciency 
i t  can be s t a t e d  t h a t  t he  vaporizat ion diagram of Figure 4 w i l l  be t yp i ca l  of 
the  f i n a l  chamber design. 
The momentum pressure  l o s s  f o r  a l i qu id - l i qu id  combustion 
process can be corrsidered a r e s u l t  of d i s t r i b u t e d  mass-addition. Assuming 
the  gaseous flow volume t o  be l a rge  compared t o  t he  l i q u i d  f low volume, 
and knowing t h a t  t he  gaseous mixture r a t i o  does not  vary l a rge ly ,  it can be 
s t a t e d  t h a t  t he  flowing gas  is near ly  cons tan t  i n  temperature and molecular 
weight as soon a s  the  combustion-vaporization processes begin. Thus pressure 
l o s se s  a r e  a func t ion  of t he  vaporizat ion p r o f i l e  along the  chamber a x i a l  
length. A s  s t a t e d  above, i t  w a s  found t h a t  t h i s  p r o f i l e  was very near ly  
cons tan t  a f t e r  l im i t i ng  t o  a 97 percent  energy r e l e a s e  system. Thus, t he  
only design va r i ab l e  l e f t  t o  a f f e c t  t h e  chamber pressure  l o s s  i s  con t r ac t ion  
r a t i o .  The e f f e c t  of con t rac t ion  r a t i o  on chamber t o t a l  pressure  l o s s e s  i s  
shown i n  Figure 5.  A s  expected, t he  higher t he  chamber ca.mtraction r a t i o  che 
lower the  t o t a l  pressure drop. The expected lo s se s  a r e  banded because of t he  
ca l cu l a t i on  variance between cases and t h e  e f f e c t  of chamber f r i c t i o n  losses ,  
which a r e  on the  order  of 5 p s i a  t o t a l  l o s s  depending on L1 and chamber 
smoothness. 
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Energy Release Performance Loss 
The energy re lease  performance loss  of an engine i s  the 
performance parameter which i s  nast s ign i f i can t ly  a f fec ted  by changes i n  
the combustion cha~nber/injector design, a s s d n g  adequate i n j e c t o r  hydraulics 
t o  ensure proper propellant d is t r ibut ion .  The ana ly t i ca l  model used t o  predict  
the energy re lease  orienergy re lease  e f f i c i ency j  considers the e f f e c t s  of 
chamber var iables  such as length, contract ion r a t i o ,  and contour; and in- 
jec t o r  parameters such as th rus t  per element, in j ec t ion  veloci ty  i n  ject ion 
element type i n  conjunction with a l l  injector/chamber parameters which the des- 
igner i s  l i k e l y  t o  vary. The theore t i ca l  development of the model termed the  
Vaporization In terac t ion  Perfomance Model is discussed i n  more d e t a i l  i n  
Section V-A. 
I .  LCN/RP-1 Energy Release 
Energy re lease  losses  (ERL) using LOX;BP-1 propellants 
f o r  four  d i f f e ren t  elements; showerhead, 60' quadlet, 60 normal t r i p l e t ,  
and 60' reversed t r i p l e t ,  a r e  shown on Figures 6, 7 and 8 f o r  th rus t  per 
elements of 2500 lbt, 1000 lbf and 333 lbf respectively.  The chamber pressure 
and mixture r a t i o  were c o n s t a t  a t  250 psia  and 2.6 respectively.  The use of 
the reverse t t ip le i .  element provides the iowest HRL of the elements coqsidered 
but may r e s u l t  i n  d i f f i c u l t i e s  with injectorlcharnber wall compatibility. The 
normal t r i p l e t  yields only slightly higher ERL than the reversed t r i p l e t  and 
therefore appears almost as a t t r a c t i v e  from a performance standpoint and i s  
more a t t r a c t i v e  than the reversed t r i p l e t  when campatihi 1 t t y  f s considered& 
Although the Like iapinging quadlet y ie lds  subs tan t i a l ly  higher ERL than the 
IlV Resul t s  (cont. ) 
. .. . 
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t r i p l e t  element f o r  a given length  and t h r u s t  per  element, i t  has t he  advan- 
tage of being l e a s t  e f f ec t ed  by changes i n  engine mixture r a t i o  o r  p rope l lan t  
i n l e t  condit ions.  The showerhead elements, shown only f o r  the  1000 and 333 lbf 
per eleraent cases  r e s u l t s  i n  an u n a t t r a c t i v e l y  high energy r e l ea se  l o s s  and 
w i l l  not  be cons -ad a candidate  element type. 
Based on the  da ta  contained on Figures 6, 7 and 8 i t  i s  
concluded t h a t  quadlet  o r  t r i p l e t  element types,  o r  a combination of t he  two 
types  should be used. Although a cont rac t ion  r a t i o  of 1.9 and an i n j e c t o r  
pressure  drop of 15% of chamber pressure  were used t o  def ine  t he  curves  of 
the  above f igu re s ,  t h e  use of o the r  values f o r  con t r ac t ion  r a t i o  and/or 
i n j e c t o r  pressure  drop w i l l  not  e f f e c t  s i g n i f i c a n t l y  t he  t rends  shown on the  
f igures .  The use of a smaller con t r ac t ion  r a t i o  and a higher i n j e c t o r  pressure  
drop would g ive  s l i g h t l y  lower values  of ERL i n  a l l  cases.  
2. LOX/C3Hg Energy Release 
i - j 
An improvement i n  energy r e l ea se  e f f i c i e n c y  i s  pre- 
d i c t ed  f o r  the  LOXIC H prope l lan t  combination compared with  t he  LOXIRP-1 3 8 
propel lants .  A comparison of the  reduction i n  energy r e l e a s e  l o s s e s  a s  a 
func t ion  of chamber l eng th  f a r  the  C3H8 f u e l  compared t o  KY-1 is preseneed 
on Figure 9 f o r  t he  t r i p l e t  and quadlet  i n j e c t o r s  with t h r u s t  per element .rr 
; f
: 
~ a l u e s  of 2500, 1000 and 333 lbf/element. These data ,  together  ~ ~ 4 t h  he thc~retfco! 
performance data  ir .  the  following s r c c i ~ r .  ye.nni t  a comparison t o  be made :\ 4 
U 
between t he  two prope l lan t  combinations. fl 
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D . Theoretical  Performance (ODE Performance) 
1 . M)X/RP- 1 Performance 
The vacuum ODE (one dimensional equilibrium) spec i f i c  
impulse a t  the design point condition f o r  IOX'RP-1 (PC = 250, 6 = 6: l )  i s  
presented a s  a function of mixture r a t i o  on Figure 10. The corresponding C* 
values as a function of of d x t u r e  r a t i o  a r e  shown on Figure 11. Sea l eve l  
ODE spec i f i c  impulse and 90% sea level  spec i f i c  impulse a r e  shown on Figure 
12. The a f f e c t  of area r a t i o  on sea leve l  spec i f i c  impulse (assuming no f l o w  
separation),  is shown on Figure 13 f o r  a mixture r a t i o  of 2.6 and chamber 
pressures of 250 psia. The mixture r a t i o  f o r  maximum theore t ica l  vacuum per- 
formance of 6.0 area r a t i o  is achieved a t  2.4 (Is = 309.4 lbf-sec/lbm) and 
v 
the optimum area r a t i o  f o r  a maximum sea leve l  spec i f i c  impulse of 252.5 lbp-secl 
lbc; a t  2.6 MR is approximately 3 .5~1 .  
A comparison of the  ODE performance and kinet fc  perfor- 
mance a t  design th rus t  to  PC r a t i o s  which y i e l d  the  highest  k ine t i c s  l o s s  a r e  
shown on Figure 14. The maximum performance loss  due t o  k i n e t A t  e f f e c t s  is  
approximately 0.6 lbf-sec/lbm and is essen t i a l ly  constant with mixture ra t io .  
A t  t h i s  condition (low chaaber prassure, l o w  thrus t ,  high expansion r a t i o )  the 
k i n e t i c  loss  i s  su f f i c i en t ly  small and i s  af fec ted  only s l i g h t l y  by mixture 
r a t io ,  thus enabling a small c n n s t a ~ t  kinetic l o s s  t o  be ssstmtsd f o r  a l i  t rade  
study cases. 
2. LOX/C3Hg Performance 
The theore t ica l  perforaunce values f o r  the  LOX/C+lC pro- 
y l l a n t  combination are presented fo r  the  same conditions as f o r  U)X/RP-1. 




+ h  : 2 .'.+j 
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P = 250 psia and area r a t i o  = 6:1, i s  presented as  a 
C 
function of mixture r a t i o  on Figure 15. The corresponding C* values a s  a 
function of mixture r a t i o  a re  shown on Figure 16. Sea leve l  ODE speci f ic  
impulse and 90% of sea level  ODE spec i f i c  impulse a r e  shown on Figure 17. 
The e f f e c t  of area r a t i o  on sea leve l  spec i f ic  impulse a s  shown on Figure 18 
f o r  a mixture r a t i o  of 2.8. 
Theoretical performance with the LOX/C H propellant 3 8 
combination i s  s l i g h t l y  higher than with the LOX/RP-1 propellants. The peak 
value of spec i f i c  impulse f o r  the area r a t i o  of 6:l and chamber pressure of 
250 psia  i s  314.8 lbf-sec/lbm and occurs a t  a mixture r a t i o  of 2.6. Maximum 
sea leve l  spec i f ic  impulse again occurs a t  an area  r a t i o  of 3.5. A s  was 
the case with LOXIRP-1 the difference between ODE and k ine t i c  perlCormance 
f o r  m!C3H8 i s  small, a max'.mum of 0.6 lbf-sec/lbm and the performance 
difference i s  essen t i a l ly  constant a s  a function of mixture r a t io .  These 
relat ionships a re  shown i n  Figure 19. 
Film Cooling Performance Loss 
Film cooling performance losses  using RP-1 as  the supplemental 
coolant have been described using ALRCfs thermal exchange f i lm co,oling per- 
formance loss  model. Using t h i s  technique <.he coolant and core  products a r e  
divided i n t o  tw3 streams with heat t ransfer .  The coolant temperature i s  elevated 
commensurate with the mean f i lm temperature a t  the throa t  and the corresponding 
enthalpy removed from the core products. Mass weightiqg the exparsion charac- 
t e r i s t i c s  of the reduced enthalgy core and the elevated en tha lpy  coolant allows 
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Computation of the delivered spec i f i c  impulse. Subtracting from overa l l  
theore t ica l  describes the performance loss. The r e s u l t s  of t h i s  analysis  
a re  shown i n  Figure 20 ot*er ranges i n  engine mixture r a t i o  from 2.0 t o  3 and 
fue l  coolant percentages from 0 to  25% of the fuel .  The broad bands des- 
c r i b e  the var iat ion i n  loss  a s  the coolant i s  heated from 1000 t o  2500 degrees 
P. The increase i n  loss  a t  higher engine mixture r a t i o s  can be primarily 
a t t r i b u t e d  t o  the rapid decrease i n  speciff*;  impulse a t  high MR core products. 
The accuracy of t h i s  loss  technique has been demonstrated recently on the 
Space Shut t le  Auxiliary Propulsion Contract (NAs 3-1535q). 
Comparable loss  computations a r e  being evaluated t o r  the C3H8 
propellant combination and a r e  not ava i lab le  f o r  t h i s  report. The l o s s  
c h a r a c t e r i s t i c s  Zowever are believed t o  be comparable. 
Delivered Performance 
The delivered sea leve l  spec i f i c  impulse with UIX/RP-1 pro- 
pe l lan ts  a r e  presented as a funct ion of chamber lengths i n  Figure 24 through 
29. These data were genera-ted assuming a 60°1ike impingement quadlet in j ec to r ,  1 
1 
however the performance with other  in jec t ion  elements can be estimated from the i 
difference i n  energy re lease  l o s s  presented on Figures 6 through 7 .  Figures 21, 
22, and 23 present performance data  f o r  i n j e c t o r  thrus t  per elements ranging from 
333 t o  2500 lb f ,  with an i n j e c t o r  pressure drop t o  chamber : tessure r a t i o  of 0.1 
and contract ion r a t i o s  of 1.3, 1.9 and 2.5. A coniw.1 combusti-n chamber contour 
was assumed f o r  a l l  lengths and contract ion ra t ios ,  s ince the use of the  conical 
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.~ 
contour has a performance advantage over a c y l i n d r i c a l  chamber dus t o  increased i 
- 
prope l lan t  vaporization.  I n  add i t i on  t o  s i i q h t l y  higher performance a t  the  low con- 
i t r a c t i o n  r a t i o s ,  the  t h roa t  i n l e t  angle i s  decreased a s  -on t rac t ion  r a t i o  decreases,  - 
and injectorlchamber compat ib i l i ty  i s  enhanced. Only s l i g h t  reduct ions  i n  
energy r e l ea se  e f f i c i ency  i s  experienced a s  con t r ac t ion  r a t i o  increases .  
The use of an i n j e c t o r  pressure  drop t o  chamber pressure  r a t i o  
of 0.1 i s  adequate f o r  t he  f u l l  t h r u s t  condi t ion  when i n j e c t i o n  ve loc i ty  e f f e c t s  f 
on prope l lan t  d rop le t  atomization a r e  considered. However, the  r a t i o  of 0.1 
- 
is not well s u i t e d  f o r  app l i ca t ion  where t h r o t t l i n g  from t h i s  case  i s  considered. i 
. , 
The curves of Figures 21, 22 and 23 show t h e  performance bene f i t  of t he  low 
t h r u s t  per element i n j ec to r s .  I n  add i t i on  t o  t h e  gain  i n  s p e c i f i c  impulse with 
-. 
low t h r u s t  per  element i n j e c t o r s  t he  reduct ion i n  chamber length (weight) f o r  f 
a given performance l e v e l  i s  appreciable.  The higher performance of the  t r i p l e t  
element compared t o  the  quadlet  w i l l  a l low increases  i n  t h r u s t  per  element a t  
a given l e n g ~ h  without s a c r i f i c i n g  performance, 
-7 
The performance da ta  presented on Figures 24, 25 and 26 i s  s i m i l a r  
- t 
t o  t h a t  presented on the  preceeding t h r e e  f i g u r e s  wi th  t he  exception of an 1 
asstrmed i n j e c t o r  pressure drop t o  chamber pressure  r a t i o  has been increased t o  1-1 
0.15 from 0.1. This increased pressure  drop w i l l  a l low smal ler  i n j e c t o r  o r i f i c e s  - 1 
f o r  the  same propel lant  f low r a t e ,  thereby enhancing propel lant  afalmi za t ion  as 1 "4 
evidenced by a s l i g h t  performance increase.  More important,  perhaps, i s  t h a t  
the  increase  i n  f u l l  t h r u s t  pressure  drop w i l l  a l low engine t h r o t t l i n g  t o  
approximately 60% t h r u s t  while s t i l l  maintaining adequate p repe l lan t  atomization, 
obtained a t  4P/P, r a t i o s  of .1 o r  g rea te r .  
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The next three Figures 27, 28, and 29 present sea leve l  spec i f i c  
impulse data a s  a function of chamber length and th rus t  per element assuming 
an i n j e c t o r  pressure drop of 20% of chamber pressure. The trends a r e  s imi la r  
t o  those f o r  i n j e c t o r  pressure drop t o  chamber pressure r a t i o s  of 0.1 and 0.15, 
with s t i l l  s l i g h t l y  higher performance. 
The data  from Figure 21 through 29 were used t o  define the 
curves of Figures 30 and 31. Data presented on Figure 30 shows the e f f e c t  
of contract ion r a t i o  on performance f o r  four  values of in jec to r  th rus t  per 
element 333, 1000, 1500 and 2500 lb f ,  assuming an i n j e c t o r  pressure drop - 
chamber pressure r a t i o  -f 0.15, and chamber length of 50 inches. The more 
e f f i c i e n t  in jec to r s ,  lower th rus t  per element cases, show l e s s  of a t rend i n  
decreased performance wirh increased contract ion r a t i o  than do the l e s s  
e f f i c i e n t  in jec tors .  I f  a shor ter  chamber length had been selected the data 
would show a more pronounced trend. The data  of Figure 31 is a cross  p lo t  
of the data from Figures 22, 25, and 28. The e f f e c t  of in jec tor  pressure 
drop on sea leve l  spec i f i c  impulse i s  shown f o r  a chamber le3s th  of 50 inches 
and contract ion r a t i o  of i . 9 .  A s  was the case with the  curves of Figure 30 the 
performance trends are more pronounced f o r  the  Large t h r u s t  per element in jec tors .  
The previous f igures  i n  t h i s  sec t ion  presented performance data 
as a function of chamber length, contract ion r a t i o ,  t h r u s t  per element and 
in jec to r ,  pressure drop. The mixture r a t i o  was assumed constant a t  2.6. The 
curve of Figure 32 shows the  e f f e c t  of mixture r a t i o  on delivered performance 
f o r  a chamber length of 50 inches, contract ion r a t i o  of 1,8, i n j e c t o r  pressure 
drop of 20% of chamber pressure and t h r u s t  per element of 1000 lb f ,  The shape 
of the curve approximates the  shape of the 3DE spec i f i c  impulee curve of Figure 
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10. The two curves have similar shapes, the  same mixture r a t i o  a t  t he  peak 
s p e c i f i c  impulse and appr2ximately the  same shape on e i t h e r  s i d e  of the  peak. 
The s i m i l a r i t y  i s  due t o  the  high energy r e l e a s e  e f f i c i ency  of the  engine, 
the  prope l lan ts  a r e  near ly  completely vaporized a t  t he  chamber throat .  Therefore, 
the  mixture r a t i o  of the  combustion products i s  near ly  t he  same a s  the  mixture 
r a t i o  of t he  incoming prope l lan ts  and no s h i f t  i n  t he  mixture r a t i o  f o r  maximum 
performance i s  evident. 
The e f f e c t  of t h r u s t  per  element on sea  l eve l  s p e c i f i c  impulse 
i s  shown on Figure 33 f o r  both t he  quadlet  and t r i p l e t  i n j e c t o r s .  The in-  
creased e f f i c i ency  of the  t r i p l e t  will al low a reduct ian i n  the  number of 
i n j e c t o r  elements f o r  a given performance level .  Although the  t r i p l e t  elements 
have r a t h e r  l a rge  ox id izer  t o  f u e l  diameter and momentum r a t i o s  the  g r e a t e r  
d rop le t  shearing e f f e c t  01 the elements coupled with the  exce l l en t  atomization1 
vaporizat ion p rope r t i e s  oE the  LOX r e s u l t  i n  high performance. 
The e f f e c t  of t h r o t t l i n g  i s  shown on Figure 34. Both sea  l eve l  
and vacuum performance a r e  shown f o r  a chamber 50 inches long with  a cont rac t ion  
r a t i o  of 1.9 and a f u l l  t h r u s t  i n j e c t o r  pressure  drop of 20% of chamber pressure. 
I f  the  f u l l  t h r u s t  pressure  drop i s  reduced the  performance l o s s  during t h r o t t l i n g  
w i l l  be s l i g h t l y  grea te r .  
Se lec t ion  of a base l ine  o r  design point  engine was made con- 
s ide r ing  the  performance r e s u l t s  presented here  together  wi th  data  r e l a t i n g  t o  
veh ic le  exchange r a t i o s .  The s e l e c t e d  conf igura t ion  and i t s  corresponding per- 
fom.ance lo s se s  computed using the  approved JANNAF methodology f o r  the  abcve 
conf igurat ion a r e  presented on Figure 35 along with  s i m i l a r  data  f o r  the  Phase A 
design point.  
-14- 
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G. Chamber Configuration Optimization 
The optimum injectorlchamber configuration was selected in 
terms of gross lift-off weight by considering all parameters which have a 
resultant effect on this summation. These computations were perfomzd using 
a FORTRAN V computer program specifically designed for this purpose which 
operates as shown in the flow schematic shown in Figure 36. For the impinging 
quadlet,element type,b Gross Lift-Off Weight versus chamber Lt curves were 
developed as a function.of thrust-per-element, contraction ratio, injection 
stiffness ratio, and the use or non-use of chamber fuel film cooling. 
The folluwing Gross Lif t-Off Weight/Specif ic Impulse trade 
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where : 
GLOW = vehicle  Gross LIft-Off Weight (lbm) 
(seven engine veh ic le  assumed) 
= vacuum de l ivered  s p e c i f i c  impulse (lbf-sec/lbm) 
l i q u i d  s to rage  pressure  (p s i a )  
L = length ( i n )  
W~ = engine i n e r t  weight 
engine 
Figure 37 i s  a design curve dep ic t ing  optimum chamber leng th  
f o r  various combinations of con t rac t ion  r a t i o  and thrust-per-element. Shown 7 
a r e  cases  ca l cu l a t ed  with and withou: chamber f u e l  f i l m  cooling. The dvts 
i s  f o r  an i n j e c t i o n  s t i f f n e s s  r a t i o  of 20 percent.  The r e s u l t i n g  curves in-  
d i ca t e  severa l  s i g n i f i c a n t  f ac to r s .  F i r s t ,  t h e  equiva7ent  weight penalty 
f o r  the  inc lus ion  of f i l m  r:ool chamber is l a r g e ,  and there fore  i t s  use 
must be minimized. Second, the  optimum chamber cont rac t ion  r a t i o  i s  low I: 
( 1.4) f o r  the  non film-cooled case  and kigh ( 2.2)  f o r  the  cooled c.a3e. The 
-* 
regenerat ive  cooled engine optimizes a t  low cont rac t io l  r a t i o  because the  e f f e c t  of 
increas ing  i n j e c t o r  and chamber weight wi-th increasj-ng cont rac t ion  r a t i  
o f f s e t s  the  e f f e c t  of decreased chamber pressure  drop a t  high cont rac t ion  
r a t i o .  The engine i n e r t  weight e f f e c t s  were c d c u l a t e d  assumin? a seven 
:I 
engine vehicle ,  The f i l m  cooled er,gine optiridzes a t  high cont rac t ion  r a t i o  because , 
f u e l  f i l m  cooling requirements a r e  inverse ly  proportionate t c  chamber con- *1 
t r a c t i o n  r a t i o ,  and the  b GL0w/AIs f a c t o r  i s  very severe  (80,000 lb l sec) .  
vac 
The optimum thrustlelernent  ca l cu l a t ed  f o r  both cooled nnd r.on-cooled chambers 
i s  shown t o  be 250 #/element. Because of s h o r t e r  ch~mber  L t  requirements wi th  I 
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a desrgaaing thrust/element the i n e r t  chamber weight is  less .  The following 
in jec to r  2nd chanber weight equations were used i n  ca lcu la t ing  vehicle i n s r t  
wigh t s .  
where : 
B - (a=5- 1) 
w~ 
- In jec to r  dry wefght complete, I h  
- 
*cs 
Cylindr5cal chamber weight ccmplete, lb 
- %o Convergent no-.zl< weight c m p l e t e ,  l b m  
C - Contraction r a t i o  
P - Chnmber pressure, ps ia  
R - Throat radius, in. 
L' - Injector face  t o  throa t  ?lane Length, in. 
- b Convergent trozele length, in. 
The baseline trade f a c t o r  between gross l i f t - o f f  weight and vacuum 
speci f tc  impulse (80,000 Ib/sec) d i c t a t e s  high perfonaance regardless  of chamber 
l eng~h .  Tq allow f c r  6yste.m trade-oft- f a c t o r  cb mgss the curves of Figure 37 
were repeated fo r  c &GWW/ &Is fac-ors o i  60,000 !bm/sec, 40,000 lbm/sec, 
vac 
and 23,000 lbm/sec. Figures 38 and 39 show t he  optimum t' versus GLOW curves 
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I V  Results (cont. ) 
f o r  the regenerative and filr, coc!cd cseec, r ~ c p e c t i v e l v .  From Figure 38 i t  can be 
seen t h a t  a four fo ld  change i n  the ~ G L O W / & I  S t rade fac to r  does not a l t e r  
vac 
the conclusion t h a t  1.4 i s  the optimum chamber contract ion ra t io .  Also, the 
e f f e c t  on the optimum chamber length i s  s l ight .  As the t rade f a c t o r  decreases 
f o r  the film-cooled case the f i lm cooling l o s s  penalty decreasss and lower 
contract ion r a t i o s  become more a t t r ac t ive .  This trend can be viewed i n  Figure 
39. By compkrison of Figures 38 and 39 it can be seen t h a t  lowering of the 
weightlperformance trade-off g rea t ly  reduces the f i lm coolingpenalty, especia l ly  
f o r  ca  :es of low thrust-per-element. 
The e f f e c t  of in jec t ion  s t i f f n e s s  r a t i o  an vehicle gross l i f t - o f f  
weight is shown i n  Figure 40. The e f fec t s  a r e  s l i g h t  and i t  i s  f e l t  t h a t  
i n j e c t o r  o r i f i c e  ?ressure drop should be designed on the bas is  of other  
per t inent  fac tors ,  such as chamber combustion stahi l i  ty.  
The quadlet i n j e c t o r  element was used i n  st"dfes evaluating 
chamber design parameters. To assess  the  e f f e c t  of element type, optimization 
curves fv=re developed f o r  a F-0-F impinging t r i p l e t  element type. The t r i p l e t  
element, i n  general, requires s l i g h t l y  l e s s  chamber length to  f u l f i l l  s c e r t a i n  
value of energy release eff ic iency than the doublet and thus has a smallar 
inherent engine i n e r t  weight penalty. T - d s  is 7r.f l ec ted  i n  Ficpre 41 which 
compares the optimum chamber length curves, f o r  various thrust-pet-.:iement , f o r  
the doublet and c r i p l e t  elements. The t r i p l e t  element would seein t o  oe the 
obviaus choice f o r  the P.F.E. i n j e c t o r  based on t h e  current performance-weight 
trade-off analysis.  The conclus!ons made i n  regard t o  optiruum contraction 
r a t i a  and thrust-per-element f o r  the doublet element type remain va l id  f o r  the 
F-0-F t r i p l e t  design. 
- 18- 
"a: 
jk. =- ii,' I 
- - 
- -  ., 
. t;' ., 
..? 
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I V  Results (cont) 
I n  sunmary, the  uncooled chamber design can be s a i d  t o  be 
optimum for the following values of the key parameters. 
Zt = 1.4 
Thrust le l  = 250 
Element Type = FtO-F Impinging T r i p l e t  
/P = 0.15 &or i t  c 
Xo Nozzle Configuration Optimization 
From the nozzl: , a rac te r i za t ion  data  presented i n  Section IVoA 
a nozzle &sign point optimization was conducted. Based on the trade-off 
f a c t o r s  presented i n  Section IVoG. and the nozzle weight equation shown below, 
a nozzle length was sn!w+ed fcr  th basel f r i  LU.C;L ares i . & C i o  iroaaie. 
where : 
W~ 
- Rao nozzle weight, lbm 
€ 
- Nozzle e x i t  area r a t i o  
i - n Rao nozzle length, in. 
b=  Rao mininn-s nozzle length, in. 
Figure 42 depicts the 1) 6ILW versus length (percent ' '0 minimum length) 
trach-ofr f o r  the  P.F.E. 6:l engine o p e r a t i w  a t  1200K lbf and 250 psia. 
This curve iqdica tes  that a nozzle of 140-150 percent of Rao minimum length 
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I V  Results (cont. ) 
r s  optimum. This t rend i s  establ ished because of the severe e f f e c t  of 
divergence performance loss  on vehicle gross l i f t - o f f  weight. The same 
trade-off f ac to r s  were used t o  ca lcu la te  AGLOW f o r  a t! 0:1 area r a t i o  nozzle 
of l&0% Rao minimum length. This ca lcula t ion  point i s  a l s o  shown on Figure 42. 
The 8.0: l  nozzle shows an advantage because of approximately 8 L5f-sec/lbm 
higher vacuum performance. Obviously, the se lec t ion  of the P.F.E. area r a t i o  
w i l l  h~ z,~lAcd by chamber pressure i fmi ta t ions  (sea-level separation consider- 
a t ions) .  Also, the vehicle mission e f f e c t  on optimum area r a t i o  was not con- 
s idered i n  t h i s  analysis.  
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V COMPUTER MODELS 
A. Delivered Performance 
I n  order  t o  meet the program objec t ives  of a r e l i a b l e  high 
performance engine design, the ana ly t i ce l  models used t o  predict  performance 
a r e  of primary importance. The performance evaluation techniques which a r e  




TBANSTAGE, APOLLO, and TITAN-GEXINI-624A. The model has been used as an r 
i 
analys is  tool  t o  define areas  3f excessive performance l o s s  and as a design 
tool  t o  cor rec t  the deficiency. These techniques, when appl ied t o  the pro- 
1 posed engine design, w i l l  ensure a high degree of confidence i n  the predicted I 
performance values. Propellant c d i n a t i  nns and injer, t o r  5esigz c ~ r i f  sir+ e g. 
J 
t i ons  co r re la t ed  with  the performance modal a r e  shown on Figure 43. 
. L . 
I 
- 
The performance model i s  the methodology reconanended by the  
1 
ICRDG Performance Standardization Working ~ r o u ~ ( ' )  modified t o  include 
(2) performance l o s s  in terac t ions  based upon Liquid propellant vaporization theory. 
Vaporization-limited combustion propert ies  are used t o  ca lcu la te  those losses  
r e su l t ing  from incomplete energy release,  f i n i t e - r a t e  l imited gas expansion, 
and boundary layer  shear drag and heat  t ransfer .  This modified program is  
termed the lflaporization Interacticin Performance Model". 
( 1  Pieper, J. L., ICRPG Liquid Propellant Thrust Chaatber Performance 
Evaluation Manual, CPIA No. 178, September 1968 
(2) brs ,  D. L., and Bassham, L. B., and Walker, R. E., A Liquid Rocket 
Performance Model Based on Vaporization Interact ions,  P T A A  5 th  
Propulsion J o i n t  Specialist Conference, 9-13 June 1969. 
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The technique used f o r  eva lua t ion  and pred ic t ion  of perfor-  
mance cons iders  the  one-dimensional equi l ibr ium (ODE) flow condi t ions  t o  be 
the  base case. A s  seen i n  the  following equation,  a l l  performance lo s se s  are 
subt rac ted  from t h i s  base: 
I (de l ivered)  = I (ODE) - I lo s se s  
SP SP s P 
One-dimensfonal equi l ibr ium performance i s  evaluated us ing 
AGC computer program no. FD0068. This documented program computes one- 
dimensional flow i n  chemical equi l ibr ium and i s  the  b a s i s  f o r  a l l  % I 
s P 
and % C* quotations. 
The l o s s e s  which a r e  considered during performance a n a l y s i s  of 
the  engine a r e  shown schematically on F igure& and a r e  described below alone 
with  the  bas ic  r e l a t i onsh ips  t h a t  incorporate  t he  vaporized prope l lan t  para- 
meters i n t o  each performance l o s s  def in i t ion .  Each l o s s  i s  defined inde- 
pendently fron the  o t h e r  performance lo s se s  t o  more c l e a r l y  show how the  
vaporized prope l lan t  parameters in f luence  the  l o s s  analysis .  The l o s s  der i -  
va t ions  a r e  dieveloped without re fe rence  t o  any p a r t i c u l a r  eva lua t ion  program; 
however, both the  ICRPG Standard and SinipLified Reference Computer Programs 
can be u t i l i z e d  wi th  t he  f i n a l  derived performance loss formulations. A list 
of abbrev ia t ions  and syubols f o r  t he  performance model i s  included a s  t he  
l a s t  page i n  t h i s  sect ion.  
For t he  LPE stgdy t h e  engine designs a r e  based on a sea  l e v e l  
th rus t .  Therefore, t he  sea  l e v e l  s p e c i f i c  impulse is an output. The per- 
for  ince computer model bases performance on t h e  vacuum condi t ions  and 
a s  a f i n a l  s t e p  ,nversion t o  sea  l eve l  performance i s  made, as shown on 
Ff .* - -.dmputer model i n r e r a t e s  on weight f low rate>engtne 
: - + o : .  .. ,, . - c , ..r'~rmance lo s se s  t o  ob ta in  a sea l eve l  t h r u s t  cons i s t en t  
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with the required value. The individual losses  considered i n  the performance 
model a r e  described i n  the following paragraphs. 
(1)  The Energy ReleaseLoss (ERL) 
This l o s s  accounts f o r  the  performance reduction as a 
r e s u l t  of incomplete vaporization, mixing. and chemical reaction. ERL i s  
evaluated by determining the  mass defect caused by unvaporized propellant 
and the e f f e c t  of the vaporized mixture r a t i o  upon the thennochemical per- 
fmrnace output. Using one-dimensional equilibrium (ODE) conditions a s  the base- 
l i n e  o r  maximum achievable performance, the  energy re lease  loss a t  any nozzle 
expansion r a t i o  i s  found by subt rac t ing  the  product of the t o t a l  percent mass 
of propellant vaporization and the  ODE spec i f i c  impulse a t  the vaporized 
mixture r a t i o  from the ODE spec i f i c  impulse a t  the l iqu id  propellant mixture 
r a t io .  That is, i n  ODE notation; 
nh 
v 
= Isp ODE (O/F) 7 - Isp ODE (O/Flv 9 
For an engine with several  "stream tubesf* of d i f f e ren t  
mixture r a t i o s  o r  atomization/vaporization charac te r i s t i c s ,  t h i s  process is  
used f o r  each stream tube and the  r e s u l t s  a r e  mass flow r a t e  weight summed t o  
give the t o t a l  loss. Therefore, Equation (2)  can be generalized t o  the 
following notation: 
n 
ERL i s  evaluated using Priem's vaporization model (3) 
modified t o  account f o r  ALRC t e s t  data correlat ions.  
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( 2 )  The Mixture Ratio Mald is t r ibu t ion  Loss (MRDL) 
This l o s s  accounts f o r  t he  performance degradation a t t r i -  
butable  t o  non-homogeneous combustion products on a macroscopic scale.  The 
l o s s  can be i n t e n t i o n a l l y  induced, a s  wi th  b a r r i e r  cool ing o r  may 
be un in ten t iona l  as a r e s u l t  of non-uniform i n j e c t o r  hydraulics.  The mixture 
r a t i o  ma ld i s t r i bu t ion  l o s s  is ca l cu l a t ed  usLng a stream tube technique (4;. 
The mass f low r a t e  weighted sum of t h e  ODE s p e c i f i c  impulse f o r  the  ind iv idua l  
stream tubes a t  the  stream tube mixture r a t i o s  a r e  sub t rac ted  from the  ODE 
s p e c i f i c  impulse a t  the  over-a l l  mixture r a t i o  t o  def ine  t h i s  loss.  Again, 
us ing ODE a s  the  reference condi t ion,  t he  MRDL i s  def ined by the  following 
re la t ionsh ip :  
L M!?DL. = 1 ( I s p  ODE * T I  Sp ODE (o/F)OIA T 
where the  "ithlt  stream tube r e f e r s  t o  d i s c r e t e  zones of f low whose mixture 
r a t i o s  are ca l cu l ab l e  by known i n j e c t o r  hydraul ic  parameters. For the  i n i t i a l  
phaag of the  LPE study t h i s  l o s s  was assumed constant  a t  2% of t he  ODE s p e c i f i c  
impulse. 
(3) Coolant Performance Loss Model (FCL) 
The coolant  performance l o s s  model described here in  accounfs 
f o r  the  performance penalty assoc ia ted  wi th  t h e  r e s u l t a n t  nonuniform prope l lan t  
d i s t r i b u t i o n  and the  thermal energy trar-sport  from t h e  high temperature co re  
t o  t he  low temperature boundary flow. The bas ic  assumptions a r e  summarized as:.  
( 3 )  Priem, R. J. and Heidmann, M. F., P rope l lan t  Vaporization -- as Design 
C r i t e r i o n  f o r  Rocket Engine Combustion Chambers, NASA TR-R-67, 1960 
4 Pieper, J. L., Dean, L. E., Valentine, R. S., @Mixture Ratio Dis t r ibu t ion  - 
Its Impact on Rocket Thrust  Chamber Performance, l1 Journal  of Spacecraf t  and 
Rockets, Vol. 4, No. 6, June 1967 
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1. Film bulk temperature i s  obtained from ex i s t ing  
heat t r ans fe r  models. 
5 
.t ( ,  2. Energy i s  assumed t o  be exchanged upstream of throat .  
3. Energy is extractet! uniformly from core. 
5 .  ( W m c o r e  = (W bh) coolant 
where : 
enthalpy 
spec i f i c  heat a t  constant pressure 
buik f i lm coolant temperature 
i n l e t  f i lm coolant temperature 
Computationally, the  heat i s  removed from the  core by reducing the propellant 
heat  ~5 formation i n  the ODK o r  TDK cumputer program by an amount which 
exact ly  compensates f a r  the  t c t a l  enthalpy gai:led i n  the coolant stream tube 
when it is heated from i ts  i n l e t  temperature ts the  f i n a l  bulk coolant 
temperature. Both stream tubes - the heated coolant and reduced enthalpy 
core a r e  then expanded to  the nozzle e x i t  conditions using ODK/TDK computer 
program f o r  the core and Thermocal f o r  the  f i lm coolant. The coolant per- 
f omance decrement X is then computed by using the following rela-  
'Pcoolant 
t ionship: 
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I 
co re  + 'coolant I 
"core O/F S P ~ / ~  
41 = I ah a h  
SPcoolant 'POIF 
o v e r a l l  A T = I 
The model assumes no species  t ranspor t  between the  core  and coolan t  
stream tubes, which may l i m i t  i t s  general  app l ica t ion .  However, extensive  
c o r r e l a t i o n  of t h i s  model with experimental t e s t  data has ind ica ted  i t s  
bas ic  v a l i d i t y  fc \r  t he  type of t h r u s t  chamber designs proposed f o r  t h i s  
program. The o t h e r  assumption requi r ing  j u s t i f i c a t i o n  i s  the  s e l e c t i o n  of 
the  bulk temperature of t he  coolant  f low a f t e r  thermal t r anspor t  from the  
core. The thermal models discussed previously a r e  used t o  es t imate  t he  bulk 
coolant  temperature. The accuracy of t h i s  p red ic t ion  is  not c r i t i c a l  s ince  
the  s e n s i t i v i t y  of the coolant perfc=nce Loss t o  the  a s s u e d  mount  of thermal 
t ranspor t  i s  q u i t e  low as shown i n  Figure 20. 
I n  conclusion, i t  can be s t a t e d  t h a t  the  proposed coolant  model 
i s  simple i n  concept and computational proced . re ,  and c o r r e l a t e s  adequately 
the  ava i l ab l e  f i l m  coolant  performance data  f o r  design and opera t ing  va r i ab l e  
t h a t  a r e  p resen ta t ive  of t he  proposed thuus t  chamber. 
(4)  The Kinet ic  Loss (KL) 
This l o s s  accounts f o r  performance reduction from the  
equi l ibr ium condi t ion r e s u l t i n g  frmu f i n i t e  chemical r eac t ion  and r e l axa t ion  
r a t e s  of t he  species  present  i n  t l  exhaust gas  during the  - i o z ~ l e  expansion 
process. The k i n e t i c  l o s s  i s  d e f i n t !  by consider ing the  mass flow rate-summed 
ODE performance a t  t h e  stream tube mixture r a t i o  a s  t he  reference p o i ~ l t .  The 
one-dimensirnal k i n e t i c  (ODK) perf ~ r m a n c e ' ~ )  evaluated a t  t h e  vaporized mix- 
+ *re r a t i o  f a r  each of the  ind iv idua l  stream tubes, and then summed over the  
'E,H. H. ,' e t  a l ,  ICRPC One-Dimensional Kinet ic  Reference Program, 
?ynamic Science, Ju ly  1968 
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I1nv1 stream t.ubes, i s  sub t r ac t ed  from the  ODE performance t o  o b t a i n  t he  k i n e t i c  
loss .  Again, i t  i s  emphasized t h a t  both t he  k i n e t i c  and ODE performance must 
be eva lua ted  a t  t he  vaporized mixture  rac 'o  and mass f low r a t e  :ather than .?t 
the  l i q u i d  p rope l l an t  mixture r a t i o  because t he  vaporized parameters r epresen t  
the  a c t u a l  composition of t h e  exhaust  gases. 
Equation (5) i s  a mathematic r ep r e sen t a t i on  of t h i s  
d e f i n i t i o n  of k i n e t i c  loss .  
n 
= tsp ODE (O/F)vi - I s p  ODK 
i 
Eq. ( 5 )  
For t he  des ign - con f igu ra t i on  and ope ra t i ng  l e v e l s  surveyed f o r  the  boos te r  
s tudy t h i s  l c s s  should be small ,  less than  0.3% of t he  ODE s p e c i f i c  impulse. 
(5) The Boundary Layer Loss (BLL). 
Th i s  l o s s  accounts  f o r  t h e  degradat ion of performance 
from t h e  shear  drag and h e a t  l o s s  a t  t h e  boundary of t h e  t h r u s t  chamber. The 
boundary l a y e r  l o s s  i s  evaluated  us ing  t h e  v rpor ized  gerformhnce combustion 
p r o p e r t i e s  i n  t he  o u t e r  s tream tube. Again, ?he vaporized composition i s  con- 
s i d e r e d  r a t h e r  tbil t h e  composition based upon uver-a l l  p rope l l an t  f low r a t e s .  
( 6  1 Using a s u i t a b l e  eva lua t ion  procedure , FBLL i s  c a l c u l a t e d  arld d iv ided by 
t h e  t o t a l  p rope l l an t  f low ra te  t o  de .ermine t h e  boundary l a y e r  1-oss. 
v BLL = 
(6 )  Weingold, H. D., The ICRPG Turbulent  Boundary Layer Referelice Program, -- 
P r a t t  and Whitney A i r c r a f t ,  J u l y  1968 
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(6) Ti.- >!ozzle Divergence Loss (DL) 
This  l o s s  accounts  f o r  t h e  decrease  i n  t h r u s t  a t t r i b u t a b l e  
t o  non-axia l ly  d i r e c t e d  momentum a t  t h e  nozzle e x i t  and t h e  non-planar s o n i c  
silrface. I n  most c a s e s ,  t h i s  l o s s  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  b;. t h e  
va r i a .  -2 of t h e  vaporizeG mixture  r a t i o  from t h e  over -a l l  l i q u i d  f low mixture  
r a t i o .  Therefore ,  no vapor ized  mix tu re  r a t i o  n o t a t i o n  is inc luaed  i n  t h e  
d e f i n i t i o n  of t h e  divergence l o s s .  This  performance l o s s ,  when eva lua ted  by 
i t s e l f ,  us; a l l ) ,  cqn be expressed  i n  term1 of a  'vergence e f f i c i e n c y ,  '7 
' DIV' 
which modi f i e s  t ' e  d e l i v e l e d  o r  a c t u a l  t h r u s t .  
I 
"del DL = -- - I - T . - Eq. ( 7 )  
DIV "del "del 
"he ~ n a l y t i c a l l y  p r e d i c t e d  s p e c i f i c  impulse vapori  zatiorl- 
l i m i t e d  rocke t  e ~ g i n e  can be e v a l u a t e d  bv - - l b t r a c t i n g  t h e  above def ined per- 
formance l o s s e s  from t h e  ODE t h e o r e t i c a l  cond i t ion .  
I = L - 2 I,, l o s s e s  
" 'el P~~~ 
= I - (EHL + MRDL + FL + BLL + DL) 
"ODE 
S u b s t i t u t i c 8  Equations ( 2 )  through ( 7 )  f o r  t h e  f i v e  performance l o s s  t e r  s of 
Equation (8) and c a n c e l l i n g  l i k e  terms, t h e  fo l lowing i i n a l  formula t ion  i s  
obtained.  
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A more detailed description of the performance model and 
its component losses,  along with a discussion of the application of the model 
to other engine programs, i s  available i n  the exist ing literature. (7 
(7) Pieper, J. L., op. cit. 
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B. Chamber Optimization 
The combustion chamber optimization surmised the e f f e c t  of chamber 
length, thrust-per-element, contract ion r a t i o ,  in j ec t ion  s t i f f n e s s ,  and 
i n j e c t o r  element type on vehicle gross l i f t - o f f  weight. Trade f a c t o r s  
presented i n  Section - I V  - G  were used t o  determine the e f f e c t  of length, 
i n e r t  weight, and performance changes on vehicle gross l i f t - o f f  weight. To 
optimize the P.F.E. chamber the study dependent var iables  were chamber t o t a l  g 
pressure loss  (4 P), the combustion process energy re lease  performance loss  
( E.R.L.), the  chamber f u e l  f i lm cooling loss  (F.C.L.), if any, and the  
chamber i n e r t  weight (including complete i n j e c t o r  weight). 
. . 
The energy re lease  l o s s  was ca lcula ted  i n  the  performance 
program described i n  Section - IV-A. E.R.L. w a s  input i n  da ta  blocks 
a s  a function of thrust-per-element, contract ion ra t io ,  in j ec t ion  s t i f f n e s s  
and element type. For the chamber configuration under analysis ,  E.R.L. 
was converted t o  A G L O W  through the AGLOW/ I exchange ra t io .  Fuel 
'vat 
f i lm cooling losses  were calculated u s i ~ g ,  a s  a program subroutine, the coolant loss  
model descrrbed i n  Section - IV-A. A cooled and non-cooled chamber optimization i7 
was conducted concurrently. The following assumptions were made a s  t o  chamber 7 
c o o ~ a n t  requirements a s  a function of length and contract ion r a t i o  f o r  the 2 j  
cooled case. 
where: 
percentage of f u e l  used to  f i lm cool the combustion 
chamber 
: .  I 
- .  
. ' \ .  .. . . _  
, . e A ., ....-,. .. ,. . - 4 ,  . .* . . C . :  . . -  r.....i.* ..'. .l ... .r -:.: r . . . .  . . - * :  . ' 
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L' - chamber length, in .  
CR - chamber contract ion r a t i o  
I n  the same manner a s  described f o r  the energy re lease  loss ,  chamber 
f u e l  f i lm cooling losses  were converted t o  penal t ies  i n  vehicle gross l i f t -  
of f  weight. Chamber and i n j e c t o r  i n e r t  weights were ca lcula ted  from equations 
introduced i n  Section - IV-G. The engine i n e r t  weights a r e  converted t o  gross  
l i f t - o f f  weight by the  f ac to r  3.2 lb/lb.  
Chamber t o t a l  pressure losses  were ca lcula ted  by a model 
u t i  1 3  zing chamber vaporization c h a r a c t e r i s t i c s  developed i n  the performance 
program described i n  Section - A Gas propert ies  and t o m 1  flowraje were 
data  blocked, from the  performance program, vcrsus chamber ax ia l  distance,  
The t o t a l  pressure loss  ca lcula t ion  procedure was modeled from ~ h a p i r d s  
influence coe f f i c i en t s  f o r  one-dimensional flcws with constant molecular 
or i g h t  and r a t i o  of spec i f i c  heats''). The l iquid- l iquid combustion process 
i s  modeled extremely w e l l  by the  inf lueoce 'coef f ic ient  approach because of 
nearly constant gas flow propert ies  versus chamber a x i a l  distance. The ca l -  
cu la t ion  procedure was t o  ca lcu la te  t!a .ncremental change i n  Mach nunber 
over small a x i a l  s teps  as a function of area change, s tagnat ion temperature 
change, f r i c t i o n ,  and t o t a l  gas f lowrate change. The accompanying e f f e c t  
on the ckamber t o t a l  pressure was then ca: culated. The ca lcula t ion  is stepped 
f rom i n j e c t o r  face t o  throa t  plane, the  chamber 4 P being the difference i n  
i n i t i a l  face  and f i n a l  throa t  plane t o t a l  pressures. The t o t a l  pressure loss  i s  
converted t o  a S G L O W  penalty by the f a c t o r  CX;LOW/bP = 1525 lb/psi .  
(I) Shapiro, A. H., The Dynamics & Themod-qnamics of Compressible 
' lu id FlowL (Chapter 8, Ronald Prct.;s Co., New York, 1953) 
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The seven engine i n e r t  weights, f i l m  cool ing l o s s  penalty,  
energy r e l ea se  l o s s  penalty,  and chamber Q P penalty were added t o  produce a 
A GLOW c h a r a c t e r i s t i c  f o r  a p a r t i c u l a r  chamber/injector design. This number 
was used t o  cha rac t e r i ze  chamber design parameters, a s  shown i n  Sect ion - IV-G. 
A l i s t i n g  of t he  P.F.E. chamber opt imizat ion program and r e l a t e d  
subrout ines  i s  included i n  a 
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VI COMPUTER OUTPUT 
A. Delivered Performance 
The output from the performance model, which was writ ten 
i n  Fortrand IV f o r  the UNIVAC 1108 computer i s  contained on Figure 46. 
The data shown i s  f o r  the ~ 0 x 1 ~ ~ - 1  propellant combination with a 60' 
quadlet i n j e c t o r  f o r  th rus t  per element values of 750 and 250 lbf and 
contraction r a t i o s  of 1.4, 1.8, and 2.2. The t h r u s t ,  chamber pressure 
and mixture r a t i o  were held constant a t  1200 lb f ,  250 ps ia  and 2.6 res- 
pectively. An expansion r a t i o  of 6:l was assumed, with a nozzle length 
equal t o  140% of the minimum Rao value. The output shows the e f f e c t  of 
chamber length on the  perfonnance losses  and delivered performance f o r  
each contract ion r a t i o  and th rus t  per element. 
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Be Chamber Optimization 
For the case o u P / P c  = .15, t r i p l e t  i n j e c t o r  elements, and 
no f u e l  f i lm cooling, a sample output of the chamber optimization program 
i s  presented i n  Figure 47. The e n t i r e  8 page case (of which Page 1 ,only J 
i s  presented) covered the following parametric range. 
F/EL 250 - 2500 Ib/EL 
CR 1.3 - 2.5 
L '  2 - 98 in. 
The l a s t  column l is ts  t h e b  GLOW parameter on whicli the chamber optimization 
s tudies  were based. 













Boundary layer  loss ,  lbf-sec/lbm 
Divergence loss ,  lbf  -sec/lbm 
Energy re lease  loss ,  lbf-sec/lbm 
Kinet ic  loss ,  lbf -sec/lbm 
Vacuum s p e c i f i c  impulse, lbf -sec/lbm 
Mass flow rate, lbm/sec 
Mixture r a t i o  maldis t r ibut ion loss ,  lbf-sec/lbm 
Mixture r a t i o  
Boundary layer  t h r u s t  decrement, lbf  
Area r a t i o  
Nozzle curvature-divergence ef f ic iency 
del ivered value 
of "i th" stream tube 
number of stream tubes 
o v e r a l l  engine property 
one 'dimensional equilibrium 
one dimensional k i n e t i c  
t o t a l  engine property 
vaporized property 
. 
LIST OF ABBREVIATIONS AND SYMBOL; FOR TIIE PERFORMANCE MODEL 
I 
- .  
I I 
4 5 6 
LIBt - Nomalired Nozzle Length 
FIG'= 1 - RAO NOZZLE SURFACE AREA CHARACTERISTIC 
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1 Normalized Chamber Length (X/L ) 



























































































































































































































































































































































































EFFECT OF AREA RATIO ON SEA LEVEL S P E C I F I C  IMPULSE 
(LOXIRP- 1 ) 
.= 250 p s i a  
O / F  = 2.6  
ODE 
190 I I I I 
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EFFECT OF AIiEA RATIO OM SEA LEVEL SPECIFIC IMPULSE 
( L O ~ / C ~ / H ~ )  
P = 250 p s i a  
C 
O/F = 2.8 
Area Ratio, e 
Figure 18 

LARGE PRESSURE FED ENGINE 
FUEL FILM COOLING LOSSES 
T 
coolant 1000'~ - 2500'~ 
Area Ratio = 6.0:l 
LOX/ RP- I 
15% FFC 
10% EM= 
Engine Mixture Ratio (o/F) 
Figure 20 
EFFECT OF CHAMBER LENGTH ON DELIVERED SPECIFIC IMPULSE 
CR = 1 . 3  
4 P , / P c =  0 .1  
T h r u s t  = 1200 KLBF 
e = 6 : ~  
O/F = 2.60 
= 250 psia  
Chamber Length, in. 
Figure 21 
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EFFECT OF CHAMBER LENGTH ON DELIVERED SPECIFIC IMPULSE 
CR = 1.9 
nP,lPc = 0.1 
Thrust E 1200 KLBF 
e - 6 : l  
O/F - 2.60 
P - 250 p s i a  
L&X/ PR- 1 
Chamber Length, in. 
Figure 22 
EFFECT OF CHAMBER LENGTH ON DELIVERED SPECIFIC IMPULSE 
Thrust - 1200 KLBF 
€' = 6:/ 
O/F -. 2.60 
-= 250 psia 
LOX PR- 1 
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DESIGN POINT SUMMARY 
Phase A Selected 




Chamber length, in. 
Contraction Ratio 
Nozzle, X of Minimum Rao 
Area Rat i ,  
Mixture Ratio 
Chamber Pressure. psia  
In jec tor  
In jec tor  Pressure Drop 
PERFORMAWE LOSSES 
1000 F/el  quad. 
A. Energy Release Loss, see. 5 '; 
B Mixture Ratio Dis t r ibut ion  Loss, see. 6.2  
C. Boundary Layer Loss, see. 4.9 
D. Divergence Loss, sec. 4.6 
E. Kinetic Loss, sec. 0.6 
F. Film Cooling Loss, Sec. 0.0 
Sum of Losses, sec. 21.6 
111 THEORETICAL PERFORMANCE 
I - 
S ODE 
I V  DELIVERED PERFORMANCE ( ~ m i n a l )  
A. Vacuum I = I - Losses = 286.5 
s P s P ~ ~ ~  





6: l  
2.4 
250 






































































































































































































































































































































































































































































































































































































































































































































































































20 30 40 50 60 70 80 
Length, In. 
PERFORMANCE TRADE FACTOR EFFECT ON CHAMBER OPTIMIZATION - Ff LM 
F i g u r e  39 
.., 3 . % ' .  
.- i. . . 
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TECHNICAL Dl SCUSSION OF IGNITION SYSTEM CONCEPTS 
TECHNICAL DISCUSSION OF IGNITION SYSTEM CONCEPTS 
This A~pendix presents a technical  discussion of the candidate ign i t ion  
schemes f o r  the  pressure-fed booster engine system. In  addi t ion,  some other  
academically in te res t ing  ign i t ion  schemes a r e  discussed. 
PYROTECHNIC IGNITION SYSTEMS (Selected f o r  Further Study) 
Pyrotechnics o r  squibs w e r e  used very successf*. For ign i t ing  
L O ~ I R P - ~  i n  the  Titan I engine system, involving both se& l e v e l  and a l t i t u d e  
igni t ion .  A similar approach appears compatible with t h ~  requirements of 
the pressure-fed booster. Key pc in ts  worth mentioning t h a t  favor such a 
system include: ( l j  l o w  development cos t  potent ia l ,  (2) simple, expendable 
system which could be non-integral thereby minimizing refurbishment, (3) use 
of ground-based p w e r  supply, and (4) successful ly  f l i g h t  demonstrated v i t h  
L 0 2 / R ~ - 1  propellants,  (Titan I-Aero j et propulsion system) . 
The use of pyrotechnics f o r  ign i t ing  the  pressure-fed booster engines 
deserves de ta i led  study. 
3LECTRICA.L IGNITION SYSTEMS (Selected f o r  Further Study) 
Active e l e c t r i c a l  ign i t ion  systems f o r  02/hydrocarbon fue ls  have been 
developed extensively and u t i l i z e d  an t h e  Atlas engine system. The ac t ive  
systems (not t o  be confused with the  passive ones such as glow plugs, 
resistance-heated wires, etc.) have generally been based on spazks, but with 
some consideration of plasma arcs ,  glow discharges, e t c .  Each of these types 
of e l e c t r i c a l  discharge has i ts  own pecu l i a r i t i e s ,  but sparks and pldsma a rcs  
have been shown t o  be most generally advantageous. G l o w  discharge phenomenon 
are l imited t o  the very low pressure region and are, therefore,  less applicable. 
The source of e l e c t r i c a l  energy is inmater ial ,  but usual ly  is assumed to  be 
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ex te rna l  t o  the  i g n i t e r .  I t  could, however, be i n t e r n ~ l l y  generated i n  a 
subsystem such as a p i e z o e l e c t r i c  generator ,  thermopile, s o l a r  c e l l s ,  e t c .  
A spark i g n i t e r  nowered by a mechanically ac tua ted  i n t e r n a l  p i e z o e l e c t r i c  
generator  is  commercially ava i l ab l e  (Brush Clev i te  Co., Ltd.,  Southhampton, 
England). 
Both spark and plasma torch  i g n i t e r s  have been developed a t  Aerojet  
and have produced encouraging r e s u l t s .  On the  b a s i s  of these  r e s u l t s ,  
spark and plasma torches  are recommended f o r  d e t a i l e d  study. 
HYPERGOLIC - OK THIRD PROPELLANT IGNITION SYSTEPiS 
1. Fropellant-Soluble Hypergolic Addit ives (Rejected - No Further  
Study ) 
The use  of so lub le  add i t i ves  t o  oxygen which impart hypergol ic i ty  
t o  t h e  02/H2 system and o t h e r  nonhypergolic oxygen systems has been s tud ied  
i n  considerable depth t o  determine the  adequacv of t h i s  technique. The 
so lub le  oxygen add i t i ves  t h a t  have been inves t iga ted  include ozone d i f luo r ide  
(0 F ) (References 1-12), ozone (03) (References 13-15), and fl::orine (F2) 3 2 
(References 16 and 17).  The analogous a d d i t i v e  approach of u t i l i z i n g  f u e l  
so lub le  add i t i ves  t h a t  are hypergolic wi th  oxygen is a l s o  poss ib le  with 
hydrocarbon fue l s .  The add i t i ves  most commonly considered are the  organo- 
me ta l l i c s  such as triet!~ylal~lminum and t h e  boron hydrides such as s i l a n e ,  
phosphine and metal hydrides. The f u e l  a d d i t i v e  approach has not  been 
developed, however, because i t  is more e f f i c i e n t  ( f a r  less cos t ly )  t o  use 
the  hypergel ic  material i n  pure form (not d issolved i n  the  f u e l )  and t o  
i n j e c t  i t  as a t h i r d  component. 
I t  should be noted t h a t  t h e  p o t e n t i a l  so lub le  oxygen add i t i ves  
1 
(03F2 039 and F ) a r e  very expensiveA and t o x i c  and e i t h e r  thermally unstable  2 
1 Predicted high volume production cos t  of F2 is  approximately $3 per  l b  
versus a few cen ts  a pound f o r  LO2. The F2 probably would have t o  be 
used i n  an approximate 30% concentrat ion making the  ox id izer  cos t  
i n c r e m e  by approximately a f a c t o r  of 20. I n  addi t ion ,  i t  is est imated 
the  l ead  t i m e  t o  bu i ld  a p lan t  t c  produce l a r g e  q u a n t i t i e s  of F2 would 
take 18 months. 
Page 2 
or  very corrosive which m k e s  the  approach both economically unat t rac t ive  
and more hazardous than other  i g n i t e r  systems under consideration. 
Based on a review of the  pas t  research and development work with 
propellant soluble addi t ives ,  i t  is concluded t h a t  employing hypergols i n  
solut ion i n  the  main propellants has such an adverse e f f e c t  on propellant 
economics, involves undeveloped technology, and impacts the  engine and 
tankage design i n  too many ill-defitied ways t o  make i t  worthy of fu r the r  
consideration. 
2. Third Propellant In jec t ion  (Hypergolic Fluid In jec t ion)  
(Selected f o r  Further sttidy) 
The use of a t h i r d  component t h a t  is hypergolic with e i t h e r  the  
oxidizer  o r  f u e l  i n  a propellant combination which is nonhypergolic provides 
a logicd.  means of achieving igni t ion.  Applying t h i s  technique t o  the  
L02/RP-1 o r  propane combinrtions allows consideration of two basic  types of 
mater ials :  (1) those hypergolic : d t h  oxygen and (2) those hypergolic with 
RP-1 o r  propane. The mater ials  - in  the f i r s t  category caver a broad range 
from organometallics t o  volatrzli hydrides to. ac t ive  metals wfiile those 
hypergolic with RP-1 o r  prope7e are much more l imited,  generally t o  f luor ine  
and very ac t ive  f luorides .  
I n  operation, t h e  " t i  i r d  propellant" is placed i n  the feed l i n e s  
o r  s tored  separately and pulse-injected as appropriate i n t o  02, the f u e l ,  o r  
the combination t o  iwite thc main propellants.  Although t h i s  method is 
e f fec t ive ,  the overa l l  system may be complicated by the separate  s torage 
container,  its pressurizat ion or  feed system, associated valves and plumbing, 
and in jec tor .  Such a system uj ing organometallics, i.e., organoaluminum 
compounds, has been s implif ied and perfected t o  provide ign i t ion  and severa l  
re igni t ions  of OZ/kerosene i n  rhe Atlas engine, the F-1 engine, ar.d many 
other  etrgines . 
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The mater ia l s  ( f u e l s )  which are hypergolic with O2 include 
organometall ics (e.g., trimethylaluminum, diethylaluminum hydride,  
triethylaluminum, triisobutylaluminum, t r i e thy lboron ,  and te t rae thy ld iborane) ,  
v o l a t i l e  hvdrides (e.g., diborane, aluminumborohydride, s i l a n e ,  and phos- 
phine) and a c t i v e  (pyrophoric) metal powders (e -g . ,  aluminum, Raney n i cke l ) .  
Their  high r e a c t i v i t y  with oxygen c r e a t e s  some handling problems because a i r  
must always be excluded; a l l  t h e  more prominent candidates produce s o l i d  com- 
bust ion products which could present  a p o t e n t i a l  clogging o r  foul ing problem; 
and many are toxic .  
The materials (oxidizers)  t h a t  are hypergolic with RP-1 and 
propane include f luor ine ,  ch lor ine  t r i f l u o r i d e ,  and probablv a few r e l a t e d  
halogen f luor ides .  These materia3.s are w e l l  known f o r  t h e i r  c o r r o s i v i t y  
and tox ic i t y .  
X l a r g e  amount of work has been expended i n  studying and per- 
f ec t ing  the  i g n i t i o n  of nonhypergolic oxygen prope l lan t  combi~a t ions  using 
organometall ics as the  t h i r d  prope l lan t  t o  induce hypergolic i gn i t i on .  Much 
of t h a t  work w a s  d i r ec t ed  toward providing i g n i t i o n  with a hydrocarbon fue l .  
References 18 t o  28 descr ibe  a l a r g e  por t ion  of t he  work involving the  use 
of organometall ics t o  i g n i t e  0 /hydrocarbon combinations. Work with  organo- 2 
meta l l i c s  t o  ignite 02/H2 i s  described i n  References 29 t o  31. The use  of 
v o l a t i l e  hydrides [B2H6, Al(BH4)3, SiH4, pH3, etc.] t o  achieve i g n i t i o n  has 
apparently not  gone beyond the  point  of t h e i r  considerat ion and r e j e c t i o n  i n  
favor  of aluminum and boron a l k y l s  (organometall ics) .  The l a t t e r  compounds 
are commercially ava i l ab l e  and have more acceptable p roper t ies ;  these  f a c t o r s  
wer. eav i ly  weighed a t  t h e  time. A s m a l l  amount of work has been done on 
t h  .ppl icat ion of t he  reac t ions  between 0 and pyrophoric aluminum powder 2 
(Reference 8) and O2 o r  02/HZ with Raney n i c k e l  (Reference 32) t o  provide an 
i g n i t i o n  source. I n  both cases ,  f e a s i b i l i t y  w a s  demonstrated i n  systems 
using hydrogen t o  f l u i d i z e  and car ry  t he  powder i n t o  t he  combustion chambers. 
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Both chlorine t r i f l u a r i d e  and f luor ine  have seen use as hyper- 
s o l i c  s tar t  f l u i d s  t o  achieve 02/H2 igni t ion .  The work u t i l i z i n g  f luor ine  
is described i n  References 17, 33 and 34 and t h a t  w i t h  chlor ine t r i f l u o r i d e  
i n  References 29-31. 
From a carefu l  review of the  referenced l i t e r a t u r e  sources 
(References 8 and 17-34), the general cha rac te r i s t i c s  of the t h i r d  propellant 
in jec t ion  technique and the  po ten t i a l  candidate in jec tan t s  out l ined above, 
it is recommended t h a t  the  use of a slug of a metal a lkyl  t o  i g n i t e  the  
. . 
propel lants  be s tudied i n  d e t a i l .  
CATALYTIC I G N I T I O N  SYSTEMS (Rejected - No Further Study) 
Cata ly t ic  ign i t ion  systems have been developed t o  an advanced state 
f o r  02/H2 and c a t a l y t i c  monopropellant N2H4 systems have become f l ight-rated.  
Apparently, the d i rec t  c a t a l y t i c  ign i t ion  of 02/kerosene-type f u e l s  has not 
been applied t o  rocketry and only l imited work has been expended on developing 
c a t a l y t i c  reac tors  (or ign i t e r s )  using GO / l i g h t  hydrocarbons. Thus, the  2 
appl icat ion of c a t a l y t i c  ign i t ion  t o  the  pressure-fed booster would involve 
a s ign i f i can t  development e f f o r t  o r  the  use of a t h i r d  propel lant  (H or 2 
N2H4) and modification of ex is t ing  02/H2 o r  N2H4 c a t a l y t i c  reac tor  systems. 
I f  e i t h e r  H2 o r  N2H4 is t o  be car r ied  onboard o r  is  readi ly  avai lab le  a t  the 
lamch site, such a system has some merit. It is, however, believed that 
r such systems would be more complex, cos t ly ,  and d i f f i c u l t  t o  refurbish than 
some other  systems (e.g., spark, pyrotechnics, hypergolic s lugs)  and, there- 
fore ,  less worthy of fu r the r  study. 
PASSIVE THERMAL ACTIVATION (Rejected - No Further Study) 
Any surface which is s u f f i c i e n t l y  hot can provide an ign i t ion  source 
f o r  flammable 02/RP-1 o r  propane mixtures under ce r t a in  conditions. That 
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sur face  could be provided by a wire  t h a t  i s  e l e c t r i c a l l y  heated,  a glow plug, 
a i tea t  p ipe ,  an encapsulate? radtoisotope,  e t c .  There is no inherent  
r e s t r i c t i o n  of t he  geometry o r  na ture  of the  su r f ace  nor on the  u l t imate  
source o f  hea t .  The only important c r i t e r i a  a re :  (1) t h a t  t he  body 
contains o r  provides s u f f i c i e n t  energy, and (2)  t h a t  energy nus t  be t rans-  
f e r r ed  t o  some f i n i t e  mass of a flammable mixture of p rope l lan ts  s o  t h a t  
the  gas becomes l o c a l l y  heated t o  i t s  au to ign i t i on  temperature. 
The p r a c t i c a l  problems i n  t he  u:2 of such devices a r e  b a s i c a l l y  those 
of maintaining a flammable mixture at the  heat  source and con t ro l l i ng  the  
heat  source sur face  condi t ions  and gas flow condit ions t o  provide the  hea t  
t r a n s f e r  r a t e s  required t o  achieve au to ign i t i on  temperature. The f lamuabi l i ty  
l i m i t s  of 0 and hydrocarbons are reasonably broad s o  maintaining a flammable 2 
mixture a t  t he  hea t  source is not too d i f f i c u l t .  Achieving those  c r i t i c a l  
hea t  t r a n s f e r  condit ions is  no t ,  however, s i r p l e .  Those condi t ions  are not  
e a s i l y  def ined a n a l y t i c a l l y  except f o r  q u i t e  simple geometrical  shapes and 
conf igurat ions .  
There is no quest ion t h a t  s u f f i c i e n t  hea t  f luxes  can be t r ans fe r r ed  
from pass ive  hea t  sources t o  0 /RP-1 o r  propane t o  accomplish i g n i t i o n  under 2 
c e r t a i n  condi t ions ,  but  the  maximum hea t  f luxes  achievable i n  a forced con- 
vect ion mode ( t h e  dominant mode i n  t hese  devices)  a r e  f a r  lower than the  
r a t e  at which energy can be t r ans fe r r ed  i n  o ther  devices such as spark,  
~lasma, shock tubes, e t c .  This d i f f e r ence  i n  energy t r anspor t  r a t e s  is  
most important i n  high response systems ( i . e . ,  low volume, high flow ve loc i ty )  
because any element of p rope l lan ts  w i l l  be subjected t o  the  inf luence c f  t h e  
i g n i t i o n  device f o r  a very s h o r t  period of time unless  the  device is long i n  
t he  d i r e c t i o n  of flow. Thus, t h e  more l imi ted  rate at which energy can be 
t ranspor ted i n  pass ive  thermal devices w i l l  necessar i ly  make those devices 
longer i n  the  flow d i r e c t i o n  than i n  spark o r  plasma systems o r ,  a l t e r n a t i v e l y ,  
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t he  passive thermal system w i l l  have poorer response because flow veloci ty  
w i l l  be more l imit ing.  Flow v e l o c i t i e s  below flame speed cannot be to ler -  
ated because of flashback tendencies. 
While passive thermal ac t iva t ion  devices f o r  OZ/hydrocarbon ign i t ion  
have been demonstrated, t h e i r  more l imited a b i l i t y  t o  t r ans fe r  energy a t  
extremely high r a t e s  tends t o  conpromise response o r  impose operating 
conditions within t h e  device and dimensions which reduce r e l i a b i l i t y  or  
packageability. For these reasons, the  fu r the r  invest igat ion of t h i s  type 
of ign i t ion  system is considered t o  be less f r u i t f u l  than spark o r  pl  na 
systems. 
DYNAMIC THERMAL ACTIVATION (Rejected - No Further Study) 
A number of dynamic thermal ac t iva t ion  methods can be considered as 
po ten t i a l  means of ign i t ing  02/hydrocarbon fue ls .  These include such methods 
as mechanical compression, shock waves, resonance tubes, and f l i n t  sparks. 
They have l i t t l e  i n  common except t h a t  they each involve the  conversion of 
mechanical o r  k i n e t i c  energy i n t o  thermal. energy. The concepts require  
e i t h e r  the  conversion of some form of s tored  energy (such as s tored  e l e c t r i -  
c a l  energy) t o  mechanical o r  k i n e t i c  energy, thence i n t o  thermal energy 
f o r  ign i t ion  o r  the  use of the flowing propellants '  k i n e t i c  energy. The 
l a t t e r ,  pa r t i cu la r ly  as exemplified by shock and resonance tubes, are 
bas ica l ly  simpler, but any use of the  incoming propellants '  k i n e t i c  energy 
reduces t h e i r  s t a t i c  head which i n  tu rn  reduces the  allowable pressure drops 
i n  other  portions of the  ign i t e r .  
Mt ,y devices e x i s t  f o r  converting e l e c t r i c a l  energy i n t o  mechanical 
o r  k i n e t i c  energy, e.g., solenoids and motors. The important item t o  note, 
hawever, is t h a t  tney involve r e l a t i v e l y  complex systems f o r  converting 
e l e c t r i c a l  energy i n t o  heat ,  a complication t h a t  appears t o  be unnecessary 
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Based on some of the  c h a r a c t e r i s t i c s  of dynamic thermal a c t i v a t i o n  
i g n i t i o n  systems described above, t he re  does not appear t o  be a reasonable 
b a s i s  f o r  pursuing the  development of such systems, p a r t i c u l a r l y  i n  l i g h t  
of the  more advanced developmental s t a t u s  of a l t e r n a t i v e  methods and t h e i r  
demonstrated c a p a b i l i t i e s .  




f . .  ? 
I f  oxygen and/or a hydrncarbon f u e l  a r e  exposed t o  electromagnetic 
r ad i a t i ons  of the  proper wavelength o r  t o  t he  bombardment of elementary 
p a r t i c l e s ,  they w i l l  become p a r t i a l l y  d i s soc i a t ed  o r  ionized.  Vhen t h e  
concentrat ion of these  r e s u l t i n g  highly  ac t iva t ed  s p e c i ~ s  become high enough, 
a chain r eac t ion  and i g n i t i o n  may ensue. The problems assoc ia ted  with these  
i g n i t i o n  schemes a r e  r e l a t e d  t o  providing sources t h a t  y i e l d  photons o r  
elementary p a r t i c l e s  wi thin  an acceptable  energy spectrum and s u f f i c i e n t  
t o t a l  energy t o  overcome var ious  l o s s e s  and i n e f f i c i e n c i e s .  
I n  the  case of electromagnetic r ad i a t i ons ,  t he  proper energy spectrum 
is not  necessar i ly  a s i n g l e  d i s c r e t e  va lue ,  but  r a t h e r  some va lue(s )  equal  
t o  o r  g r e a t e r  than t h a t  corresponding t o  the  onset  of continuous absorpt ion,  
i .e., t he  convergence l i m i t  of t h e  f i ne - s t ruc tu re  bands. That lower l imi t ing  
energy value (and l i g h t  frequency because E = hv) corresponds t o  t h a t  required 
t o  achieve photochemical d i ssoc ia t ion .  I n  covalent ly  bonded diatomic mole- 
cu les ,  such as 0 photochemical d i s soc i a t i on  normal.ly r e s u l t s  i n  t he  forma- 2 '  
t i o n  of one normal atom and one which is i n  an exc i ted  state; thus ,  t h e  
energy required (and corresponding l i g h t  frequency) is g r e a t e r  than t h a t  
required f o r  pure thermal d i s soc i a t i on  by an amount equal  t o  the  exc i t a t i on  
energy of t he  exc i ted  atom. For hydrogen, t h e  convergence l i m i t  is i n  t he  
0 
f a r  u l t r a v i o l e t  (849 A);  only r ad i a t i on  of very s h o r t  wavelength i s  a b l e  t o  
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cause d i r e c t  d issoc ia t ion  of molecular hydrogen. This corresponds t o  a 
photochemical d issoc ia t ion  energy of 336 kcal/mole, a value more than three  
times t h a t  required f o r  normal thermal dissociat ion.  Sources t h a t  can 
provide radiat ions of such very shor t  wave length a r e  nornally based on the  
electron bombardment of ce r t a in  materials.  With pri.;$er choice of po ten t i a l  
and mater ials ,  wavelengths ove-- a very wide range can be obtained. It is  
possible t o  produce a f a r  u l t r a v i o l e t  lig?:!lt source appropriate f o r  photo- 
chemically dissociat ing 0 and ult imateiy causing these propel lants  t o  2 
i gn i t e ,  but the s y s t m  would be more complicated than the r e l a t ed  spark o r  
plasma devices. For example, the u i t r a v i o l e t  system would require  an 
u l t r a v i o l e t  l i g h t  source which, i n  a l l  probabi l i ty ,  would consis t  of a low 
eff ic iency conversion of e l e c t r i c a l  energy i n t o  u l t r a v i o l e t  l i g h t  by e lec t ron  
bombardment (an electrode system) followed by transmission and absorption with 
fur ther  attendant losses  of t h i s  l i g h t  i n t o  and by the propellants.  In  a 
d i rec t  spark o r  plasma a r c  system, some l i g h t  of the appropriate wavelengths 
f o r  photochemical dissociat ion is produced d i r e c t l y  in t he  propellants and 
t h a t  energy which is not used i n  t h a t  manner i s  u t i l i z e d  t o  produce ioqiza- 
t ion  and heating. Thus, the spark and plasma a r c  systems of ign i t ion  a r e  
physically simpler and possess grea ter  overa l l  eff ic iency than an u l t r a v i o l e t  
system. 
Elementary p a r t i c l e  bombardment, j u s t  as proper electromagnetic 
radiat ions ( l i g h t ) ,  can cause d issoc ia t ion  and/or .ionization and ult imately 
ign i t ion  of 02/RP-1 o r  propane. It has already been pointed out t h a t  
e lec t ron  bombardmect using conventional e l e c t r i c a l  sources is e f fec t ive  i n  
t h i s  manner and is r e a l l y  the  dominant pr inc ip le  of operation i n  spark and 
plasma ign i t ion  systems. However, the elementary p a r t i c l e s  can come from 
sources o ther  than conventional e l e c t r i c a l  suppl ies  and need not be electrons.  
Thus, i t  becomes apparent thc t  the decay of ce r t a in  radioisotopes cvuld 
reasonably be the source of such elementary p a r t i c l e s  o r  electromagnetic 
r a d i a t i o n s .  Because a l l  emanations from r a d i o i s o t o p e s  ( p a r t i c l e  o r  e l e c t r o -  
magnetic) a r e  of ve ry  high energy compared t o  t h e  i o n i z a t i o n  energy o f  0 2 
o r  t h e  f u e l s ,  i o n i z a t i o n  would be  t h e  e f f e c t i v e  means of energy depos i t ion .  
Also, because neut rons ,  gamma r a y s  and X-rays are s o  p e n e t r a t i n g  t h a t  they 
p resen t  ve ry  s i g n i f i c a n t  h e a l t h  hazards .  t h e  r a d i o i s o t o p e s  should be 
r e s t r i c t e d  t o  t h o s e  which are n e a r l y  pure  charged p a r t i c l e  emana'ors. 
Those which decay by a lpha  and b e t a  decay a r e  of p a r t i c u l e r  i n t e r e s t .  Of 
these ,  t h e  a l p h a  emitters are g e n e r a l l y  more a t t r a c t i v e  because of t h e i r  
s h o r t e r  range and h i g h e r  s p e c i f i c  i o n i z a t i o n s .  There is no reason t o  b e l i e v e  
t h a t  a l p h a  o r  b e t a  e m i t t i n g  r a d i o i s o t o p e s  could no t  be  developed i n t o  work- 
aSle  i g n i t ~ a n  systems f o r  02/RP-1 o r  propane; however, they  p r e s e n t  s e v e r a l  
d isadvantages  n o t  p resen ted  by e l e c t r o n  bombardment systems us ing  convent ional  
e l e c t r i c a l  s11ppll .e~ ( spa rks  and plasma a r c s )  . These d isadvantages  inc lude  : 
(1) t h e  i r & a b i l i t y  t o  t u r n  them o f f  s o  most of t h e i r  energy is wasted,  and 
(2) any use  of r a d i o i s o t o p e s  r e q u i r e s  extremely t i g h t  h e a l t h  and s a f e t y  
c o n s t r a i n t s  which o f t e n  cause i n o r d i n a t e  development, f l i g h t  q u a l i f i c a t i o n ,  
and maintenance o r  refurbishment  c o s t s .  
The i g n i t i o n  of Q /RP-1 o r  propane induced by photochemical d i s s o c i a -  2 
t i o n  us ing  u l t r a v i o l e t  i f g h t  o r  by i o n i z a t i o n  us ing  r a d i o i s o t o p e  emanations 
is more complicated than  it is when based on t h e  same f tndamenta l  pr irhciples ,  
bu t  us ing  spa rks  o r  plasmas and convent ional  d i r e c t  e l e c t r i c a l  s u p ~ ! i e s .  
For t h i s  reason,  i g n i t i o n  by t h e  photochemical d i s s o c i a t i o n  o r  i o n i z a t i o n  
concept has  beep r e j e c t e d .  
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PARAMETRIC COST AND SCHEDULE 
ANALYSIS FOB PRESSURE FED 
BOOSTER ENGINE STUDY 
1' I. INTltODUCTION 
., 6 t.. 
$ 
L r- This :ztudy w a s  developed t o  determine cost  and schedule influence coef f i -  
t C c ien t s  f o r  twelve (12) parameters i n  support of the pressure fed boosier engine 
.. 
t. study . 
Parametric Analvsis 
Parameter Nominal Condition &!EE 
Mixture Ratio 
Chamber Pressure 
Nozzle Area Ratio 
I Efficiency 
SP 
Throt t l ing Range 
Mixture Ratio Tolerance 
Number of S t a r t s  
Lifetime 
TVC Angle (Secondary 
I n j  
TVC Angle (Gimbal) 
2.8 
2.4 
250 p s i a  
6 : 2  
90% 
70% (of ra ted  th rus t )  
2% 
20 
3000 s e c  
6' 
Mixture Ratio Range - + 0.2 
2.6-3.0 
2.2-2.8 






1000-8000 s e c  
3'-LO0 
Parametric data  was  develo?ed f o r  three  phases of t h e  program: Develop- 
ment, Production, and Operations. Similar  points  werc developed f o r  both the 
LOX-CJH, and the LOX-RP-1 engines. Whenever possible  f ive  o r  more points  were 
0 
used t o  def ine the parametric curve. Prograni t o t a l s  -.erex a l s o  determined. 
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11. APPROACH AND DEFINITIONS 
A. APPROACH 
A baseline program w a s  es tabl ished using the nominal conditions i i id i -  
cated i n  I above. These points  were assigned an influence coeff ic ient  of uni ty.  
From t h i s  base point influence coe f f i c i en t  var ia t ions  were developed comprised of 
production ra t e s ,  degree of complexity, s i z e ,  mater ials ,  manpower and f a c i l i t i e s .  
Separate fac tors  u t i l i z i n g  Aerojet 's h i s t o r i c a l  experience, professional judge- 
ment and general industry h i s to ry  were developed f o r  each of the three phases 
(Developnent, Production and Operations) by each funct iocal  organization. These 
were then weighted by the amount of each of the  contr ibut ing orqanizations per- 
centage of t h a t  phase of the  program's t o t a l  cost .  A t o t a l  f ac to r  w a s  then 
derived f o r  each phase f o r  each da ta  point  of the  parameter investigated.  These 
were fu r the r  weighted by the phases percentage of the  t o t a l  program frlr program 
to ta l s .  Curves were then p lo t t ed  as presented i n  Figures 1 through 2 8  t o  display 
the cos f ac to r  var ia t ions  over the  t o t a l  range. These fac to r s  therefore repre- 
sent  the var ia t ion  of t h a t  parameter within the range presented rasher  than its 
e f f e c t s  on the  program t o t a l .  
Schedule var ia t ions  were analyzed separa te ly  t o  determine the e f f e c t s  
of the various parameters on schedule up t o  PFC. 
' P r o p ~ l l a n t  consumption was evaluated, however, these are assumed t o  
be GFP and t h e i r  e f f e c t s  on t o t a l  program cos ts  are minimal. 
B . DEFINITIONS 
PHASE I - DEVELOPMENT 
Act iv i t i e s  associated with S t a r t  Up, Development Engineering, 
; tfcs. .%nufacturing and Testing of components and engines through and 
. I!,: I ' i ca l  Data Review (QR), Pre-Flight Cer t i f i ca t ion  (PFC) a d  Final 
' -  r :  .. * '  -.-,;.tion (FPC). 
Page 2 
- . r  r .  . L..  
PHASE 11 - PRODUCTION 
Activi t ies  associated with production and acceptance tes t ing of 
deliverable engines, ground support equipment (GSE), spare par ts  i n  suppbrt of 
acceptance testing, and turncbaut sFares used i n  unscheduled maintenance of 
engines i n  f l ight .  
PHASE 111 - OPERATIONS 
Activities associated with f l i g h t  support including Flight Data 
Rev i ew ,  engine scheciled refurbishment between f l i gh t s  with associate schedule 

























































































































































































































































































































































































































































































































This study and the accompanying f igures  indica te  the var ia t ions  of cos t  
influence coeff ic ients  wt th i r  the parameters investigated.  The most s i g n i f i c a n t  
I var ia t ion  of these f ac to r s  appear t o  be in the  following areas: 
A. Nozzle Area Ratio 50% 
B. TVC An3le (Secondary Inject ion)  46% 
Schedule impacts a r e  minimal up t o  the  point  of PFC with the  exception of 
Reuse and L i i e .  Demonstration of these parameters t o  the max imum range w i l l  
' &  
':I extend the  t e s t  program approximately four  months. 
%he cost  influence coe f f i c i en t s  appear t o  vary a t  the same rate f o r  both 
propellant combinations. Therefore the  cos t s  of a p a r t i c u l a r  function may vary 
w i t h .  the propel lant  used, however, the  percentage change over the  range is the 
same f o r  e i t h e r  the LOXIRP-1 and the  L O X I C ~ H ~  engine. 
,i -. 
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' I Parameter 
Thrust 
Design Mixture Ratio 
Chamber Pressure 
Nozzle Area Ratio 
I Efficiency 
SP 
. - g 
% Throt t l ing Range 
Mi-iture Ratio Tolerance 




Mixture Ratio Range 





Total  Program 
Total  Program 
20% 
Total Program 
Total  Program 
Total Program 






PRESSURE-FED BOOSTER PARAMETRIC STUDY 
4 
Total 
Data % Parameter 
Parameter Propellant Points Development - Production Operations Effect 
-
Thrus t Lox 0.5 69.8 86.6 102.8 85. !- 
Propaiie 0.8 89.0 90.9 102.9 92.5 
1.2 100.0 100.0 100.0 100.0 
2.0 137.1 128.1 97.2 125.1 
Thrust Lox 
RP-1 
Mixture Lox 2.6 100.0 100.0 100.0 100.0 
Ratio Propane 2.7 100.0 100.0 100.0 100.0 
2.8 100.0 100.0 100.0 100.0 
2.9 100.0 100.0 100 a 0 100.0 
3.0 100.0 100 . 0 100.0 100.0 
Mixture Lox 2.6 100.1 100.1 100.0 100.1 
Ratio RP-1 2.7 100.1 100.1 100.0 100.1 
2.8 100.0 100. C, 100.0 300.0 
2.9 99.9 99.9 100 . 0 99.9 







PRESSURE-FED BOOSTER PARAMETRIC STUDY (cont.)  
Total 
Data 2 Parameter 
Parameter Propellant Points Development Production Operations Effect 
-- - -- --
I E f f .  Both 85 99.2 100.0 100.0 99.8 
SP 87 99.5 100.0 100.0 99.9 
90 100.0 100 . 0 100.0 100 . 0 
92 101.4 i00.1 100 . 0 100.4 
94 102. 5 100.2 10C. 0 100.8 














PRESSURE-FED BOOSTER PARAMETRIC STUDY (cont . ) 
Total 
Data %I Parameter 
Parameter Propellant Points Development -- Production Op erations Effect 
N.R. Range Both 0.1 100.7 100.0 100.0 ~ L - . L  
0.2 100.0 100.0 100.0 100.3 
0.3 99.8 100.0 100 -0  99.9 
0.4 99.7 100,O 100.0 99.7 
0-5 99.4 100.0 100.0 99.8 
Chart 3 
Sheet 3 
IV. TKRUST ANALYSIS 
An analysis  w a s  made of cost  and schedule i q a c t  on th rus t  va r i a t ions  (sea 
leve l )  from 0.5M l b f  t o  2.OM lb f .  Data points  of 0.5M. 0.8M, 1.2M, and 2 . 0 ~  l b f  
were se lec ted  with the assumption the 10 enginea/&hicle would be used e t  the two 
lower ranges, 7 engines/vehicle a t  the  1.2M range and 5 engineslvehicle a t  the 
2.OM range. 
Variations i n  development cos t s  e x i s t  as a d i r e c t  function of manufacturing 
material and labor hours, and as a re la t ionship  t o  both test and manufacturing 
f a c i l i t i e s  required t o  perform the operations. Hardware s i z e  is the dr iving fac- 
t o r  i n  these var ia t ions .  
During the production phase the  same approximate va r i a t ions  e x i s t ,  however. 
t e s t i n g  cost  vary inversely due t o  the 5 engineslsystem vs 7 engineslsystem t e s t  
rate (i .e. ,  less engines t e s t ed  over the  production period).  
Thrust var ia t ions  have a lesser e f f e c t  during f l i g h t  opera t io~ls .  The pro- 
gram cost va r i e s  with the number of engines/vehicle/f l ight  as a r e s u l t  of the  num- 
ber  of enzfnes varying with th rus t  leve l .  S l igh t  increases  i n  cos t  of operations 
due t o  s i z e  a r e  more than o f f s e t  by the  numbers of u n i t s  involved. 
Minor var ia t ions  i n  cost  f ac to r s  from LOXIRP-1 t o  I O X / C ~ H ~  e x i s t  only i n  
propel lant  cos ts  and test and manufacturing f a c i l i t i e s .  Other functions remain 
cost  constant f o r  both propellant combinations. 
Propellant cos ts  vary almost d i r e c t l y  with flow r a t e s  which are a function 






V. DESIGN MIXTURE RATIO 
A design mixture r a t i o  cos t  and schedule analys is  was made f o r  both pro- 
pe l lan t  combinations (LOX-C H from 2.6 t o  3.0) (LOA-RP-1 from 2.2 t o  2.8). Five 3 8 
representative points were se lec ted  t o  define the  c j s t  f ac to r  var iat ions.  
There does not appear t o  be a s i g n i f i c a n t  cost  var ia t ion  with a change i n  
design mixture r a t i o  over the range invest igat ion.  
Minor changes occur only i n  the LOX/RP-1 engine due t o  the difference 
between the two propel lants  un i t  pr ice  and use fac tors .  This var ia t ion  tends t o  



















































































































































































































VI. CHMBER PRESSURE 
Chamber pressure variat ions from 200-350 psia were analyzed with 50 psia 
increments selected as data points. Effects on c w t  and schedule were investi-  
gated for  both propellant cmbinations under consideration. A chamber pressure 
02 250 psia was considered for  the nominal/baseline condition. 
The only s igai f icant  cost fac tor  variat ions occur i n  Test Fac i l i t i e s  due 
t o  the incrzase i n  propellant tanks pressure ra t ing and pressure system capa- 
b i l i t i e s .  Other rainor variations i n  engineering and materials a re  generally 
below a level of consideration for  this study. 





































































V I I .  NOZZLE AREA RATIO 
An analysis was made on cost and schedule variat ions introduced by vary- 
ing th* nozzle area r a t i o  from 4:l t o  8:l with 6:l used as the baseline condition. 
Five i~crements  of 1:1 vere used t o  define the variations. 
Cost factors vary ra~ith increased area ra t ios  as a direct e f fec t  of s ize .  
Almost a l l  functions durjrg both the development and production phases show 
s ignif icant  variations. 
There are no appreciable changes i n  cost f a c ~ o r s  during the f l i g h t  opera- 
t ions phase. 
Propellant cost factors  remain constant and a l l  cost  elements fo r  both 
the LOX/BP-1 and the LOX/C3H8 move in a similar  r a t i o  showing no variat ions 






































V I I I .  I EFFICIENCY 
sp 
I eff ic iency cjf 85% - 94% was analyzed as t o  e f f e c t s  on cost  and 
s P 
schedule. An eff ic iency of 90% was used as  a basel ine and f=-ve data  poinzs 
se lec ted  t o  define the cost  curve. 
Variations i n  cust f ac to r s  f o r  I ef f ic iency occur i n  the areas  of engi- 
SP 
neering and t e s t ing ,  with concurrent changes i n  propellant costs .  The primary 
e f f e c t s  are evident i n  the development phase with a lesser e f f e c t  during pro- 
duction. There a?pears t o  be no s i g n i f i c a n t  changes during the  operation phase. 
Changes t o  cost  f ac to r s  occur at an equivalent rate f o r  both LOX/RP-1 
and LOX/CJH8 propellant combinations. 
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IX THROTTLING RANGE 
An analys is  of cost  and schedules influence coeff ic ients  fo r  var ia t ions  
i n  t h r o t t l i n g  range was made. 70% of f u l l  s ca le  t h r u s t  w a s  used as the nominal 
range and var ia t ions  from 50 - 100% i n  10% increments were investigated.  
Variations i n  costing fac tors  f o r  the range of t h r o t t l i n g  invest igated 
a r e  minimal a ~ d  a r e  evidenced i n  the  engisreering operations and pro?el lant  costs .  
Engineering cos ts  increase as the t h r o t t l i n g  range increases.  Propellant cos ts  
decrease with an increase i n  range due t o  the  l e s s e r  consumptinn a t  the low 
thrus t levels .  
Variations i n  cost  are evident throughout the three phases of the opera- 
t ion  with the most s i g n i f i c a a t  e f f e ~ t  during development. There a r e  no s igni-  
























































































X. MIXTURE RATIO TOLERANCZ 
An analysis of the impact of variations i n  mixture ra t io  tolerance from 
1% tu 32 w i t h  a n d m l  of 2% was  made. Five increments of 0.5% were used as 
data pointc. 
The e f f e c t s  o f  mixture ra t io  toler2ace appear t o  be s l i g h t  during the 
development phase. There are no apparent e t f e c t s  during the productiou or 
operat ion phases. 































































































































































XI. NUMBER OF STARTS 
The design capabi l i ty  of the engine t o  be reused was analyzed. A schedule 
of twenty ( 2 0 )  r e s t a r t s  w a s  used as nominal and a range of 10-53 used. Five data  
~ o t c t s  i n  increnents of 10 uses were invest igated as t o  e f f e c t  on cost  and 
scheduie. 
The cos t  coe f f i c i en t s  show a s ign i f i can t  e f f e c t  as the reuse design point 
var ies  over the range i i~ves t igs ted .  This is  evidenced i n  a l l  functional areas  
of both development and production phases and t o  a lesser degree i n  operations. 
It must be noted t h a t  t h i s  t rend tends t o  decrease with higher reuse rates. 
A reuse rate chznge from 30 t o  40 starts var i e s  the influence coe f f i c i en t  16% 
and a fu r the r  increase t o  50 starts has only an 8% ef fec t .  Therefore a design 
point of 100 reuses w i l l  e f f e c t  a s ign i f i can t  cost  savings i n  terms of lesser 
amounts of u n i t s  necessary t o  perform the missions. 
There does not appear t o  be a s i g n i f i c a n t  cos t  r a t i o  var ia t ion  with the 


































































































































































The l i fe t ime capabi l i ty  of the engine was invest igated i n  regards t o  cost  
and schedule as the design point var ied from 1000 seconds to  8000 seconds. 
A nominal c o ~ d i t i o n  of 3000 seconds w a s  used as the basel ine,  and f ive  incre- 
ments used t o  define the bandwidth. 
Cost f ac to r  var ia t ions  i n  the  l i f e t ime  capabi l i ty  of the engine vary 
s igni f icant ly .  The g rea tes t  change i n  the influence coe f f i c i en t s  a re  i n  develop- 
ment and production with l i t t l e  change i n  f l i g h t  operations. 
A l l  funct ional  operations contr ibute  t o  the var ia t ions .  The fac tors  for 
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An analysis  of cost  f ac to r  and schedule var ia t ions  was made f o r  a band- 
-:idth of  3 degrees t o  10 degrees of TVC angle. A basel ine of 6 degrees was used 
and four data  points  defined t o  determine influence coeff ic ient  curve. 
Cost f ac to r  var ia t ions  over 10 degrees of TVC angle were not invest igated 
as  i t  appears technical ly  unfeasible t o  achieve t h i s  much c o n t r ~  with secondary 
in jec t ion .  
The var ia t ions  i n  cos t  appear s ign i f i can t  pas t  e igh t  degrees and i n  f a c t  
only l imited technical  da ta  e x i s t s  a t  t h i s  o r  increased points.  
Influence coeff ic ients  are most s ign i f i can t ly  var ied during the develop- 
ment and production phases with l imi ted  v a r i a t i ~ n s  during operations. 
Both propellant combinations exhib i t  the  same var ia t ions  over the ranges 
investigated.  
Figure 23 
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Figure 24 
xrv. T V C ~ G L E  (GLWL) 
An analysis  of cost  and schedule var ia t ions  was made f o r  a b a n h i d t h  of 
3 degltees t o  1 3  l'egrees of TWC angle. A basel ine of 6 degrees was used and f ive  
data  points 8ef ined t o  determine the data  curve. 
Signif icant  cost  increases during the development phase are evidenced 
prfnaatily as a f u n c t i m  of test f a c i l i t i e s ,  engineering and manufacturing 
operations. 
Similar chsnges t o  the  cos t  f ac to r s  e x i s t  during production, however, t o  
a lesser degree i n  as much as f a c i l i t y  cos t s  are absorbed i n t o  the development 
phase. Thcre are uo s ignff icant  f a c t o r  var ia t ions  during the operations phase. 
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Figure 26 
XV. i MIX2"JRE RATIO RANGE 
i 
Cost and schedule var ia t ions  were analyzed f o r  a mixture r a t i o  range 
bandwi'dth of - + 0.1 t o  + - 0.5 i n  f i v e  increments of + - 0.1. A nominal point of 
i 
+ 0.2 bas used. 
- 
I 
1 Mixture r a t i o  *e changes have a minimal e f f e c t  on the cost  influence 
coeff ic ients  t:lroughout the 2evelopment phase of the program. 
There a r e  no s ign i f i can t  var ia t ions  during the  production of operations 
phases. 
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